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ABSTRACT
The nursery and greenhouse industries have continued to increase in production and sales
over the past two decades. This increase in horticultural production necessitates a greater demand
for finite natural resources, specifically water. Sustainable water resource management will be
critical to the success and continual growth of the nursery industry. Strategic irrigation
scheduling and innovative substrate management practices can improve nursery resource
efficiency. Soilless substrates were originally utilized by the industry to increase substrate airfilled porosity, to ensure adequately drained container systems. Thus, the implementation of
these soilless substrates can lead to an inefficient use of water and fertilizer. Substrate
stratification, the vertical stacking or layering of two different substrates with unique system
hydraulics within the container, is a substrate management strategy that demonstrates promising
opportunities to augment nursery resource use. In the lower strata, coarse bark particles are
utilized to increase air-filled porosity and drainage where a water table is often formed. Layered
above are components with an increase in water holding capacities, either fine bark particles or
fibrous substrate amendments integrated with conventional pine bark to retain water and
nutrients, allowing for more uniform hydraulic gradients and wetting fronts. The research herein
involves a three-tier approach to determine and better understand the influence substrate
stratification has on crop growth and its water dynamics between and during irrigation
applications. Substrate stratification reveals that crop growth, quality, and yield can be improved
while reducing water inputs when paired with resourceful irrigation scheduling. Moreover,
stratifying substrates can limit the tension fluctuations that inevitably occur in the upper
proportion of the substrate profile. These fluctuations were further reduced, when smaller, more
frequent irrigations were applied relative to non-stratified systems. Lastly, fallowed stratified
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substrates hydrated better than non-stratified systems did when irrigated under drier conditions
and rooted stratified systems drained more than non-stratified systems. Engineering individual
strata layers for added benefits is valuable; however, bark:coir layered above coarse bark proved
to be even more advantageous for plant growth and resource use. The research herein concludes
innovative substrate engineering in concert with strategic irrigation scheduling may allow for
improved nursery sustainability and resource efficiency.

xi

1. INTRODUCTION
There is an ever-growing concern associated with the sustainability of today’s agricultural
practices. The impact global agriculture has on the world continues to be of significant interest as
we advance towards more complex agriculture practices (Kidd, 1992). Agriculture currently
faces a myriad of challenges that include resource depletion (Prior et al., 2012), degraded soils
(Lal, 2015), and contaminated waters (King and Gilje, 2010) due to inefficient systems which
can negatively impact their surrounding ecosystems. Additionally, the growing population has
increased the demand for agricultural commodities (Fraiture and Wichelns, 2009). Agricultural
production and sales have multiplied almost two-fold in the last two decades, where in 2002, all
agriculture commodities sold were valued at approximately $200 billion. This has increased to
$389 billion in 2017 (USDA, 2019). Moreover, the horticultural specialty crop and nursery
industry generate 4% of the agricultural sales within the U.S. Since 2009, the annual sales of the
two industries increased by $2.8 billion, to a total of $18.3 billion in 2019 according to the
Census of Agriculture (USDA, 2020). This increase in production will require improved resource
efficient practices to ensure the continued success of this rapidly expanding industry. Nursery
sustainability is continually developing as more technological and scientific research is
introduced to the industry. There are opportunities for nurseries to incorporate more sustainable
practices to strategically meet the demand of this growing industry; however, the three
fundamental natural resources (i.e., water, substrate, and mineral nutrients) must be used
efficiently for the continued success and promotion of environmental stewardship.
Agricultural production is primary consumer of Earth’s freshwater resources. It was
estimated by Calzadilla et al. (2010) that ~70% of all freshwater withdrawals are used for
agricultural production, while ~40% of that is used solely for irrigating crops (Kenney et al.,
1

2005). Moreover, across the country, the U.S. continues to experience a depletion of aquifers
(Thomas and Famiglietti, 2019), unprecedented droughts (Gray and Merzdorf, 2019), and
heightened contamination of our waterways which lead to a lack of clean water (Payne, 2008).
Many aquifers continue to deplete due to heavy agricultural consumptions such as the Ogallala
(Steward and Allen, 2016), Evangeline (Louisiana Department of Environmental Quality, 2007),
and the Chicot Aquifer (United States Geological Survey; USGA, 2017) which are necessary for
the production of agricultural commodities (plant crops and livestock), as well as human
wellbeing, health, and industry. Likewise, in September of 2012, 55% of the United States faced
drought conditions (Folger, 2017). In addition to water scarcity, water contamination has also
become more widespread. Many of the U.S. major water ways are inundated with fertilizer
runoff and contaminates such as the Mississippi River creating detrimental dead zones and
intensified algal bloom within the Gulf of Mexico (Bruckner, 2019), the Ohio River (nitrous
oxide emissions; Beaulieu et al., 2010), the Delaware River Basin (pharmaceuticals and personal
care products; MacGillivray, 2012), Cuyahoga River (fire; Stradling and Stradling, 2008), and
the Chesapeake Bay (micro-plastics; Yonkos et al., 2014).
The nursery industry is a considerable contributor of water withdrawal use and where
containerized nurseries may use upwards of 56 million liters/hectare/year (Fulcher et al., 2016).
Beeson (2006) stated that water restrictions or regulations are ubiquitous where containerized
nurseries are present; however, Fulcher et al. (2016) assessed the previous 10 years as predicted
by Beeson (2006) and concluded that permitted water withdrawals for most states were not
reduced in the prior decade besides in western states, where drought was present. Some eastern
states such as North Carolina (State of North Carolina, 2008), South Carolina (State of South
Carolina. 2014), Tennessee (State of Tennessee, 2015), and Michigan (State of Michigan, 2003)
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are required to report their water use when a certain threshold is passed. Additionally, Florida
has water withdrawal permits based on volume per acreage usage (Fulcher et al., 2016).
Moreover, California (State of California, 2014) and Georgia (State of Georgia, 2014) has
regulations that may limit nursery water use. Thus, strategic, and efficient utilization of irrigation
and fertilizer applications, in concert with innovative substrate use may mediate or reduce these
nationwide issues. Continuing, there has been a push to improve the irrigation efficiencies within
nursery production. Overhead sprinkler irrigation is the most popular water delivery method used
by nurseries (Beeson et al., 2004). However, this irrigation method is notoriously inefficient,
where Haman and Yeager (2010) estimated that with overhead sprinkler irrigation, only about
25% of the water applied reaches the plant, with the remaining 75% falling between intercontainer spaces. However, Fulcher et al. (2016) states overhead irrigation remains the most
efficient for containers smaller than #7 container (26.5 L). Microirrigation is most suitable and
efficient for larger containers due to infrastructure cost, maintenance, and ease of accessibility.
Small containers are constantly transported to other locations due to water requirements and
change in plant growth; whereas larger containers are often stationary until sold. Therefore,
strategic irrigation scheduling may be key to improve the efficiencies on current irrigation
delivery systems.
Often, nurseries will irrigate crops once a day; however, this scheduling of irrigation
applies water at greater rates than can be stored by substrates which results in excess leaching or
runoff (Leith and Oki, 2008). Irrigating crops proportional to an efficient rate at which the
substrates can receive and have the capacity to store water, such as cyclic irrigation (Lamack and
Niemiera, 1993), has grown in popularity in recent decades.

3

Container nurseries utilize soilless substrates as their primary growing media. Soilless
culture is the design of growing plants in a medium other than that of field and mineral soils (i.e.,
sand, silt, and clay). Using field soils in container production provides inadequate aeration and
drainage (Bilderback and Fonteno, 1987), and field soils can contain pathogens and deleterious
macrofauna that can hinder crop growth and development (Sambo et al., 2019). With this in
mind, soilless substrates were initially designed to improve the porosity (Wilkerson, 1981) to
allow ample drainage after irrigation or heavy rain events (Jackson et al., 2006) while decreasing
possibilities of pathogenic occurrences. Thus, these suitable physical properties allow
southeastern nursery growers to utilize pine bark (Pokorny et al., 1986) as the primary
component of most soilless substrates in container production. However, these properties often
require frequent irrigation applications (Tyler et al., 1996; Majsztrik, 2017). Growers often
incorporate substrate amendments to modify their physical properties to more desirable traits
such as peat moss, coconut coir, and perlite (Bunt, 1988). Nevertheless, due to the ample
drainage as a result of utilizing soilless substrates, there continues to be an increased use of water
(Mathers et al., 2005) and a loss of agrochemicals including mineral nutrients (Taylor, 2013),
subsequently resulting in surface and ground water contamination (Richards and Reed, 2004).
A primary contributor to the surplus of mineral nutrients in surface and ground
waterways are due to fertilizer runoff. Fertilizers are vital and are utilized to supply and replenish
the mineral nutrients within the growing media to support plant growth. As plants are grown in
soilless substrates, which inherently lack sufficient nutrition for crop production, supplemental
mineral nutrients must be applied. In container production, controlled-release fertilizers (CRF)
are often distributed uniformly throughout the substrate in the container. The CRFs are designed
to continually release nutrients over time (Whitcomb, 1984) throughout the production period
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(i.e. months). Witcher (2003) showed that incorporating fertilizer throughout the substrate
increased plant growth and development. However, as substrates dry, channels can be created
throughout the substrate profile and preferential flow can lead to a quick escape of nutrients from
the container drainage holes (Hoskins et al., 2014). Another method of supplying fertilizer or
nutrients to a crop is through top-dressing, where CRF is placed on the substrate surface. The
goal of top-dressing is when the container is irrigated, the water will release the nutrients which
will infiltrate downward proportional to root growth and exploration (Whitcomb, 1984). It has
been shown by Cox (1993) that top-dressing fertilizer reduced nutrient concentrated in leachate
when compared to blending the CRF throughout the substrate profile. Mack et al. (2019)
suggests multiple top-dressed CRF’s applications divided through the growing season can reduce
nutrient leaching.
Innovative substrate engineering (Fields, 2016) used in concert with strategic irrigation
scheduling (Million and Yeager, 2020) and fertilizer scheduling (Mack et al., 2019) and
placement (Hoskins et al., 2014) can lead the nursery industry towards optimal resource
efficiency use. Substrate stratification is an emerging substrate management strategy that may
allow for promising opportunities that the nursery industry can adopt. Modifying substrate
physical properties by retaining water and mineral nutrients in the upper proportion while
increasing the drainage in the lower half of the container (i.e., stratifying substrates) can allow
for more dynamic and desirable water retention and release properties. It is hypothesized by the
authors that substrate stratification can allow for improved nursery resource efficiencies, while
simultaneously enhancing crop growth, and reducing water and fertilizer inputs. The goal of
stratifying substrates is to enable the industry to effectively employ this innovative substrate
management strategy and reduce their overall water inputs.

5

LITERATURE REVIEW
1.1. Container Production
Containers have been used for plant production for centuries. The Egyptians utilized
containers to transport mature trees from their native countries to their pharaoh in locations not
favorable for plant growth (Raviv and Lieth, 2008). There are various reasons why the nursery
industry has shifted from field production to primarily container production. Plants in containers
are much easier to transport and relocate into different sites. Additionally, plants are kept neat
and whole, versus plants that are dug up either bare root or ball and burlap. A crop can be
planted almost at any time during the growing season, spacing options become less limiting, and
plants are easily displayed, often containing full foliage (Whitcomb, 1984). There are numerous
considerations in container production that also are accounted for such as color and spacing.
Harris (1967) observed that in black containers, the substrate reached temperatures of 38℃ for
an average of 5 hours a day during the growing season and can reach peak temperatures up to
48℃. Additionally, the spacing of the containers has an influence on the irrigation delivery
system used. If containerized crops are spaced too close together, where canopies can overlap
each other, it can limit the amount of irrigation and sunlight each plant receives. In contrast,
containers spaced too far can result in decreasing the quantity of water captured by crops,
thereby increasing runoff, and reducing the spacing efficiency (Whitcomb, 1984).
A grower can alter the substrate water retention by the type of container used, as height of the
container influences the drainage (Owen and Altland, 2008). Gravity is the most influential force
that drives the downward movement of water (Jury, 2007). Hillel (2004) describes gravitational
potential as the amount of energy that must be spent against gravity’s attraction. Gravity is
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continuous throughout the container; however, the gravitational head and the substrate pore
air:water ratio is based on the height of the container column (Bilderback and Fonteno; 1987).
Taller containers have added drainage due higher to gravitational potentials (when the reference
level is at the container bottom; Fields, 2012) more so than shallow containers, where substrate
water content increases moving towards the bottom of the container (Owen and Altland, 2008).
Thus, shallow containers have reduced aeration and substrates become increasingly hydrated at
the container bottom, in comparison to taller containers (Bish et al., 1997). Taller containers in
the upper portion become more aerated and dry out more quickly due to surface evaporation and
gravitational potentials than shallow containers do (Owen and Altland, 2008). The gravitational
potential decreases towards the bottom of the container and a water table can form. Milks et al.
(1989) demonstrated differentials in moisture content through the container profile. This was
further confirmed by Argo (1996), where it was shown that every 1 cm increase from the bottom
of the container towards the top, a decrease in moisture tension continues and less water is held.
1.2. Irrigation
Delivering water to the crops is the first consideration for plant productivity. Plant
productivity is reduced when water is absent in the root zone due to dehydration and the
subsequent impendence of photosynthesis. Irrigation schedules should occur at frequencies in
which the plant roots can uptake water and nutrients as well as the ability for the substrates to
store water. Both Stanley and Toor (2010) and Bilderback et al. (2013) stated that the ideal range
for the nursery industry growing medium should have a water holding capacity between 0.450.65 cm3 cm-3 and an air-filled porosity of 0.10-0.30 cm3 cm-3.
Locascio et al. (1996) suggested that developing more efficient irrigation schedules can
enhance the quality of the crops while also reducing water inputs. Continuous irrigation
7

scheduling (single application) is the total daily required volume of water applied in one
irrigation event (Witcher, 2003). There are a myriad of advantages to this schedule as it saves
time and labor on irrigating crops by automation through a timer or can be manually activated,
and the uniformity of the plant growth is more likely, allowing the grower to reach production
goals at the same date (Lieth and Oki, 2008). Additionally, it limits the amount of time in the day
to irrigate each zone, ultimately preserve pumping capacity and allows access for workers to
manage the crops (i.e., prune, weed, pest management). Conversely, this scheduling of irrigation
often applies water at greater amounts than can be stored by substrates. This can result in an
excess run-off and leaching of nutrients and lead to environmental contamination (Warsaw et al.,
2009).
Alternatively, cyclic irrigation provides an opportunity to conserve water that operates by
implementing more frequent irrigations with shorter durations. The total quantity of water is still
being delivered to the crops; however, just in fractions at various times during the day. The goal
is to irrigate crops proportional to refill the portion of water or container capacity loss due to
evaporation throughout the day (Lamack and Niemiera, 1993). Therefore, the water that is loss is
not limiting or critical for plant growth. Cyclic irrigation has been known to reduce leaching of
nutrients (Fare et al., 1994; Gray et al., 1998; Witcher, 2003; Yeary et al., 2016), enhance plant
growth (Ismail et al., 2007; Taylor et al., 2013), and increase photosynthetic rates (Warren and
Bilderback, 2002). More frequent irrigations can enable the substrate moisture content to be
maintained throughout the day by removing diurnal water demand stresses when compared to a
single irrigation application (Taylor et al., 2013).
Deficit irrigation practices have increased in use for irrigation strategies as water
regulations and restrictions may become more common in the imminent future. Deficit irrigation
8

is initiating water stress to the plant; however, Kirda and Knaber (1999) suggests that it is
imperative to understand the physiological water stress of each crop before implementing a
deficit irrigation regime. It is often used during non-drought-sensitive growth stages of one’s
crops which can also help reduce overall water use (Asrey et al., 2018). Davies et al. (2016)
showed deficit irrigation enhanced crop growth in Cornus alba, Lonicera periclymenum, and
Forsythia × intermedia. While deficit irrigation may cause water stress to the plant, it alters the
plant root morphology and can possibly improve the plants’ ability to uptake water. Therefore, it
may help the crop reinforce its structural support and aids in hardening off plants prior to the
transplanting process (Sánchez et al., 2019), ultimately creating more resilient crops (Hirons, et
al., 2012). However, due to the small quantities of water being applied, if climatic conditions
such as temperature, humidity, and sunlight are unfavorable, this may reduce crop productivity if
not used properly.
Containerized crops are most commonly watered through overhead irrigation (Wilson,
2017) for containers smaller than #7 container (26.5 L; Fulcher et al., 2016). Overhead sprinkler
irrigation delivers water above the plant canopy and the water falls downward onto the substrate
surface and infiltrates into the root zone. Overhead irrigation is low maintenance, reliable, cheap
and can cover a large area (Mason, 2004). Nurseries use overhead irrigation because they often
have a large area of containers spaced close together to irrigate and can be efficiently achieved
via overhead sprinklers in respect to labor and time. However, this delivery method is inefficient
in regard to crop utilization of applied water and water interception.
There are numerous factors that affect irrigation efficiency such as environmental factors
(i.e., wind and temperature, plant height and spacing, size of container and area; Wilson, 2017).
It is estimated that ~374,000 L of water is applied per hectare using overhead irrigation (Wilson,
9

2017). Moreover, water interception by plant leaves and the growing canopy can create nonuniform water distributions, which results in approximately 20% to 40% of water applied is
captured by containers (Landis and Wilkinson, 2004; Beeson and Knox, 1991). Therefore, an
overwhelming 60% to 80% of overhead water applied is not utilized or captured (Davis et al.,
2011). Thus, overhead sprinkler has a very low irrigation application efficiency.
Irrigation application efficiency (IAE) of the container basis only is known as reducing
the effluent that is leached from the container (unused water) by simultaneously increasing
irrigation frequency and decreasing irrigation volume, all while assuring plant growth and
development (Groves et al., 1995). The IAE for overhead irrigation averages at 26% throughout
the year and has a maximum IAE of 80% (Witcher, 2003). Fain et al. (1998) defined IAE by the
following equation:
𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑙𝑜𝑠𝑡
𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑙𝑜𝑠𝑡
Million and Yeager (2015) defined the capture factor as the containers ability to capture water
with a plant present relative to the amount captured without a plant:

𝐶𝐹 =

𝑉𝑝
𝑉𝑜

Vp is the irrigation water captured by a container with a plant and Vo is the water captured in a
container without a plant. Million and Yeager (2015) determined that the capture factor increased
as the plant size increased and decreased when the container spacing was reduced as plant
canopy blocked interception. Beeson and Yeager (2003) determined that the CF is positively
correlated to the plant leaf area and plant architecture (Bilderback et al., 2011).
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To continue, the interception efficiency (IE) determines the amount of water that is
captured in each container versus the amount of water that lands between the container spacing.
The IE is directly affected by the spacing of the containers, the size of each container and the
size of the crop. The capture factor has an influence on the IE because as the CF rises, so does
the IE due to the crop growing larger. Growers can record how uniform their irrigation water is
being applied to the container by conducting a distribution uniformity (DU) test (Oki, 2016). The
following equation can be used to determine the DU:

𝐷𝑈 =

𝐴𝑉𝐺 (𝐿𝑜𝑤𝑒𝑟 𝑄𝑢𝑎𝑟𝑡𝑒𝑟)
𝐴𝑉𝐺 (𝑇𝑜𝑡𝑎𝑙)

Where the AVG (Lower Quarter) is the average of the lowest 25% of the sample collections and
the AVG (Total) is the total average of the sample collections. Furthermore, growers can also
easily determine how much applied water their containers are retaining (rain or irrigation) and
leaching outward by measuring the leaching fraction. The grower can collect and divide the
amount of water leached from the container by the amount of water applied to the crop. The
optimum leaching fraction ranges from 10%-20%. Over a 20% leaching fraction, the irrigation
amount should be reduced (Yeary et. al, 2016). Conversely, for containers in greenhouses, a
leaching fraction below 10% may require the grower to increase irrigation volume. However,
this value can still be applied to nursery containers during drought periods or if saline water is
used. To mitigate runoff or excessive leaching while simultaneously reducing water use, some
have researched capturing rainwater (Johnson and Mangiafico, 2009) or developing a closecapture irrigation effluent system (Bush et al., 2003; Mason, 2004) to reduce water inputs and
environmental impact.
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1.3. Soilless Substrates
The growth and development of all plants are significantly dependent on the soilless
substrate used, regardless if crops are grown in a greenhouse or in open-air productions (Mason,
2004). Greenhouses provide climate-controlled environments and can include high precision
management; whereas in nurseries, which are exposed to the elements and climate variations,
can be on a much larger scale. Nurseries often have large containers (typically measured in liters)
that need to be very robust or flexible, as opposed to smaller containers in greenhouses (or plug
trays typically measured in cm3) managed with precision. Therefore, the type of substrate used in
the containers can be widely different. As a result, bark-based substrates are conventionally
utilized as the primary soilless substrate within the nursery industry for outdoor production.
However, it is seldom used without various substrate amendments. The substrate that a nursery
chooses to use in production can greatly depend on location; more particularly, regional material
availability and environmental conditions (heavy or absence of rain events). Substrate
component selection is dependent on the ratio of coarse and fine particles that can be organic
(i.e., bark) or inorganic (i.e., sand) to obtain suitable physical properties, stability, consistency,
and longevity. For this thesis, we will focus on the following primary soilless substrate
components from coarse aggregates like pine bark to finer fibers such as peat moss and coconut
coir. However, common substrate amendments used in horticulture are sugarcane (Weber III et
al., 2015; May et al., 2021), perlite (Bunt, 1988; Dogan and Alkan, 2004; Nelson, 2012), and
wood fiber (Gruda et al., 2004; Kharazipour et al., 2007; Jackson, 2018; Smith et al., 2019).
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1.3.1. Peat
Peat has been one of the major soilless substrates used in the nursery and greenhouse
industry for decades (Raviv and Lieth, 2008). Peat is derived from peat bogs that are typically
from Canada or Europe. Peat is very expensive, costing as high or more than other organic
substrates. Since peat moss is derived from Canada and the western world (northern parts of Asia
and Europe), it is not produced locally in the southern United States, so the initial shipping costs
can increase quickly for nurseries located in these areas (Fields, 2012). There are various forms
of peat, which are dependent on which stage of decomposition it is in. However, Sphagnum peat
is mostly used in the industry (Raviv and Lieth, 2008). Peat bogs are in an anaerobic
environment, saturated with water. As a result, peat bogs and peat itself as a growing medium are
very acidic, ranging in pH values from 3.5 – 4.5, with a high cation exchange capacity (CEC)
and nutrient content (Raviv and Lieth, 2008) relative to other soilless substrate components like
bark.
Peat can also retain large amounts of water relative to bark-based substrates, holding
almost 20 times its own weight (Temsch, 1998). However, this can be problematic for open-air
nursery production in the southern U.S., where heavy rain events often occur. Therefore, using
peat-based media for outdoor production can lead to over hydrated containers, increase runoff of
water, nutrients, and substrate sediments. Additionally, peat is very inefficient at retaining water
when dry conditions are prominent, as the bulk of the water is unavailable at drier conditions
(Fields et al., 2018). Moreover, peat can develop hydrophobic conditions if allowed to dry,
becoming difficult to rehydrate and allow plant roots to access available water. Due to this
hydrophobic nature, this can inevitably slow down production and plant development can be
decreased (Argo, 1996). To increase water retention efficiency in peat during irrigation practices,
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it was observed that increasing the moisture content of the peat substrate before watering
increased peats absorption rate (Argo and Biernbaurn, 1994).
1.3.2. Coconut Coir
Coconut coir is a fibrous material that is derived from the mesocarp of the coconut fruit
(Cocos nucifera L.) often from Sri Lanka, the Philippines, Mexico, and Costa Rica (Raviv and
Lieth, 2008). This husk contains approximately 75% fiber and 25% fine material (Raviv and
Lieth, 2008). These fibers are a byproduct from the harvest of coconuts to produce oils and fruit
(Adeniyi et al., 2019). Coir has been shown to have desirable properties for plant production and
has been suggested by some that it can serve as an alternative to peat (Robbins, 2018)
Coir’s water holding capabilities are very similar to peat in regard to volume of water.
Coir can hold up to nine times its weight in water due to its finer particles (Mason, 2004).
However, coir is hydrophilic and the unavailable water to available water ratio is inversely
related to that of peat; meaning, coir will hold water to a greater degree than peat will within
incredibly dry conditions, which will consequently limit plant stress and/or death (Fields et al.,
2018). The physical properties are coir dust are indicative of its particle size distribution (Abad et
al., 2005). Additionally, the elevated air-filled porosity of coir is due to its highly fibrous statue
to allow water and gas exchange flow extraordinarily well through the container (Fields, 2012).
Fields (2016) determined that when coir fibers are amended with pine bark, the hydraulic
conductivity (i.e., ease of water flow through a substrate) can be manipulated and improved. Coir
fibers increase the unsaturated hydraulic conductivity when compared to peat fibers at a matric
potential of <-100 hPa (Fields, 2016). This is valuable to the crop, substrate, and grower because
coir allows for ample gas exchange when water content is greater and conversely, when water is
scarce, the coir provide more easily available water for plant use (Noguera et al., 2003). Simply,
14

coir releases more water when dry than peat does, allowing more water to be made available at
lower matric potentials during drying conditions (Fields, 2016). Moreover, unlike peat where
once dried can become hydrophobic, coir has an excellent rewetting capacity and is hydrophilic
(Barrett et al., 2016). The pH of coir is generally between 4.8-6.9 and Rose and Haase (2000)
showed that coir, in comparison to peat, had higher pH, phosphorus, potassium, and sodium, and
lower calcium and nitrogen. This is indicative of the secondary processing upon harvest due to
the phytotoxins released from growing in saline environments (Barrett, 2016). In short, coir is
processed by separated the fibers from the husk (i.e., defibering) and washing the fibers to rid it
from phytotoxins (as previously mentioned). Thereafter, the fibers are processed and often
composted to add stability in the substrate. Once composted, the coir is frequently screened and
graded and then dried and pressed into bricks.
1.3.3. Pine bark
Soilless substrates became more popular in the 1950’s once nursery and greenhouse
production increased (Owen Jr., 2013). After the industry experimented with various substrates,
the University of California began to study peat and bark (Baker, 1957). Today, these substrates
are what’s typically used in the nursery industry. Much of the bark used in container production
is derived from coniferous trees. Prior to the 1970’s, most bark was considered a waste product
in the forestry industry and burned for energy production in sawmills (Raviv and Lieth, 2008).
Naasz (2009) estimated that in Quebec alone, 3.5 million tons of bark are produced annually,
most of which is buried or burned. Bark is composed of the tree’s phloem and rhytidome (inner
and outer part of bark, respectively), and amounting for up to 10% volume of the tree (Bunt,
1988). The properties can be influenced by many different factors such as the species used,
growth conditions, age of trees, and the time of year harvested (Solbraa, 1979). The bark is then
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aged or composted. As bark is composted, the bark is stabilized and there is little release of
nitrogen; meanwhile, un-composted bark has been shown to release high levels of nitrogen
(Prasad, 1997). This also decreases the amount of white wood present, where white wood tends
to decompose more quickly (Fields, 2012). Fresh bark continually changes physically and
chemically, though, Kaderabek (2017) estimates fresh bark will stabilize enough for container
production after six months of ageing.
In southeastern U.S., pine bark is the utilized bark whereas in the western U.S., bark
derived from Douglas fir for example are used. Pine bark contains many suitable properties that
can be used within the nursery industry in outdoor container production (Pokorny et al., 1986).
Pine bark is cheap due to its locality and availability for southeastern nurseries (Jackson, 2006).
Loblolly pine trees (Pinus taeda L.) are the majority of the pine tree bark utilized within nursery
production due to their abundance (Fields, 2012). Growing containerized crops in pine bark has
shown to have many successful growth trials (Jackson, 2009a).
Fields et al. (2013) studied the hydrophysical properties of pine bark. In terms of water
retention and drainage, it was shown that unlike peat and coir, where water is retained very well,
pine bark released water quickly. Pine bark has a much greater air-filled porosity relative to field
soils, with larger macropores, a great reduction in water retention (Fields et al., 2014), and allows
for high drainage (Jackson, 2006). This enables outdoor container production paired with barkbased soilless substrates to be used throughout the U.S.
Beardsell et al. (1979) studied organic and inorganic substrates evaluating the water
holding capacity and water release rates. The results showed that peat retained the largest
quantity of water; however, the plants grown in peat wilted quicker than the crops grown in pine
bark. Additionally, the pine bark retained 30% less water than peat and the crops lasted 80%
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longer than the crops grown in peat before wilting was observed (Beardsell et al., 1979). Since
organic substrates can become hydrophobic and difficult to rewet after dried, Airhart et al.
(1978) and Beardsell and Nichols (1982) concluded that when pine barks water content was
reduced to <35%, little water was retained. However, once the water content was raised to ~50%,
the pine bark rehydrated much more efficiently. Fields et al. (2013) received the same results
stating that the initial moisture content determined the wettability and wetting efficiency of the
pine bark.
Furthermore, the pH of pine bark is generally acidic, ranging from 4.1-5.1 (Altland and
Jeong, 2016). Therefore, it is often amended with dolomitic lime to raise pH since pH can
influence the availability of nutrients which impacts the ability of plant roots to uptake and
utilize nutrients (Mathers et al., 2007). The CEC of substrates are very dependent on the
extraction and processing of the bark, where CEC values are generally around 13 meq/100 grams
for pine bark (Wilkerson, 1981).
The aging process is also critical for the stability and performance of pine bark. As pine
bark is aged, the age can greatly influence the physical and chemical properties of the substrate.
It is seen that when pine bark is aged and microbial decomposition becomes prevalent, particle
size decreases which in turns reduces the air space and conversely increases water retention of
the substrate (Stewart et al., 2019). Even though pine bark becomes stabilized enough for plant
production after approx. six months of ageing (Kaderabek, 2017), it is still susceptible to
shrinkage and degradation within the container. Due to microbial activities, the decomposition of
pine bark can occur if the correct environmental conditions are present. There is a sufficient
percentage of nitrogen within pine bark. However, this nitrogen is bonded with protein
molecules that is released during the decomposition of the pine bark via microbes. Since there is
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a large quantity of degradable carbon, microbes can quickly decompose pine bark due to the high
carbon to nitrogen ratio; thus, requiring supplemental nutrients, most often nitrogen (Jackson et
al., 2009b). However, composting the pine bark has been shown to reduce nitrogen
immobilization rates (Guster et al., 1987).
Lu et al. (2006) predicted that the amount of available pine bark to be used as a soilless
substrate is steadily declining. It is difficult to find a complete alternative, where the alternative
substrates must have the ability to replace up to 30% of the traditional bark (Owen Jr., 2013).
Owen Jr., (2013) determined that adding alternative components like peat, coir, wood fiber, and
bagasse may prove beneficial to the industry. Since pine bark has high porosity and provides a
healthy growing medium, adding small portions of fibrous materials (i.e., peat or coir) can
enhance the crop vigor through increased water retention and nutrient availability.
1.4. Substrate Hydrophysical Properties
There is an acceptable understanding of field soil physical properties because it has been
studied many years prior to the interest of utilizing soilless substrates in nursery production and
can be directly applied to soilless substrate physical properties (Wallach, 2008). Often, the static
hydrophysical properties that are considered in container production are container capacity, air
space, total porosity, bulk density, particle size, hydraulic conductivity.
1.4.1. Static Hydrophysical Physical Properties
Container capacity (CC) is a fundamental static physical property for container
production as it describes the maximum quantity that is held in a porous medium in a porometer
(Fonteno and Harden, 2010) after all free drainage influenced by gravity has occurred (White
and Mastalerz, 1966). This is similar to field capacity of field soils; however, container capacity
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occurs at a much quicker rate (minutes to hours), whereas in the field it can take days (Fields,
2016). Bilderback et al. (2013) recommend that container capacity for horticultural substrates
range within 0.45-0.65 cm3 cm-3. Substrates that have lower CC (>0.45 cm3 cm-3) may not hold
sufficient water to sustain plant growth. On the other hand, if substrates have a greater CC (>0.65
cm3 cm-3), the substrate profile may become waterlogged and drain slowly. Thus, respiration will
be reduced, and plant productivity can be compromised due to lack of proper aeration
(Bilderback and Fonteno, 1987; Caron and Riviere, 2003). One method to depict the quantity of
water that is within a horticultural substrate is volumetric water content. Volumetric water
content is used often in nursery production and it is defined as the percentage of the total volume
of soil (or substrate) that contains water:

𝜃=

Vw
Vt

Where 𝜃 is the volumetric water content, Vw is the volume of the water and Vt is the total
volume. When the substrate is fully saturated, both gaseous and aqueous pores are inundated
with water (Hillel, 2004).
Alternatively, air space (AS) is described as the minimum volume of substrates pores that
are not inundated with water after free drainage (container capacity). Often, CC and AS are used
as a ratio that is in constant flux and is vital to adequately attain for plant growth. Many
horticultural substrates are recommended to have an AS of 0.10-0.30 cm3 cm-3 (Wallach, 2008;
Bilderback et al., 2013). Aeration of the container occurs throughout the substrate profile and
typically at the surface of the substrate, whereas water infiltrates downward due to gravity.
Therefore, it is wise to maintain a sufficient air-filled porosity due to root exploration and roots
occupying substrate pores. Waterlogged conditions may occur at the container bottom due to
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gravitational potentials and substrate pores filled with water, which can reduce aeration
(Wallach, 2008).
Total porosity (TP) is the total volume of the pores that contains aqueous and gaseous
phases, which are not occupied by solid particles. Total porosity is determined by the shape, size,
and arrangement of the substrate particles (Wallach, 2008). It is recommended that horticultural
substrates TP are within 0.50-0.85 cm3 cm-3 (Yeager et al., 2007; Bilderback et al., 2013). Total
porosity can be calculated from air space (AS) and CC (Fields, 2016), where CC is inversely
related to AS
𝑇𝑃 = 𝐶𝐶 + 𝐴𝑆
The porosity of the substrate directly influences the physical, hydraulic, and chemical
properties of the substrates. Coarse textured substrates have larger pores than fine-textured
substrates and may have a decreased in total porosity than fine particles (Hillel, 2004). If bark
particles were spherical and uniform, particle diameter should have marginal effect on TP (Fields
et al., 2021) due to geometric principles that a cluster of uniformly sized spheres will
continuously fill 66.7% of a cylindrical tub (Jury, 2007). However, bark particles, specifically
coarse bark are platy whereas fine particles are semi-round; thus, particle size may have an
influence on TP. This is vital information for a grower to know as this ultimately determines the
drainage, gas exchange, and ease of ability for roots to proliferate throughout the media.
Raviv and Lieth (2008) states that bulk density (Db) is an additional important factor in
the nursery industry because it ultimately determines the weight of the container and therefore,
dictates the flexibility of relocating containers, shipping, and container stability. Moreover, Db is
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a function of a substrates compaction (Raviv and Lieth, 2008). Bulk density is derived from the
dry mass of the solid particles (Ms) divided by the total volume of the sample (Vt),

𝐷𝑏 =

𝑀𝑠
𝑉𝑡

As many substrates are composed of various components, each component holds
different particle sizes, which in turn contribute to the overall bulk density. Bilderback et al.
(2013) recommends that Db should range from 0.19 to 0.70 g cm-3.
Soilless substrates are made up of different components at various sizes. Similar to field
soils, finer particle sizes like clay, tend to retain more water and hold more nutrients, whereas a
larger particle size that is coarse like sand, tends to aid in drainage and aeration. Particle size
distributions (PSD) consider the different particle sizes and classify them according to size
(diameter; typically in millimeters) and mass. This can demonstrate the relationship between the
diameter of the particles within the substrate and the percentage of each particle size that is
classified into particular assemblages (Hillel, 2004). A PSD curve allows scientists and growers
to evaluate the uniformity of their substrate and can predict how a substrate may physically or
chemically react while in use. Richards et al. (1986) classified particle sizes into three main
categories where particles greater than 2.0 mm is termed as coarse, medium particle size ranges
0.5mm to 2.0 mm, and fine is less than 0.5 mm; however, these class arrangements can be
ambiguous.
Bark particle ratio percentages, the respective surface area, and arrangement are
incredibly influential to a substrates static and hydraulic physical properties (Fields et al., 2014).
Similar to soils, fine particles increase the particle surface area, thus, also increasing water
retention capacities. Alternatively, coarse particles increase the particle and pore diameters
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which thereby increases drainage (Brady and Weil, 1996). Modifying the substrates particle
geometries, regardless of adjusting bark particles or incorporating conventional pine bark with
fibrous amendments, can influence pore space and water retention.
1.4.2. Substrate Hydraulic Properties
Hillel (2004) defines hysteresis as the process leading up to the equilibrium of a soil (or
substrate) profile during wetting/drying stages. Hysteretic events can have strong effects on the
relationship between matric potentials and soil moisture content. The size, shapes, and
distribution of the pores can restrict or speed water movement due to the tight or open channels,
respectively. Hysteretic occurrences can be drastically different for a variety of horticultural
substrates. This is due to substrate pores filling and draining water at different rates and the
different matric potentials that are required to overcome the tension to evacuate water from other
pores (Fields, 2016). One way to identify how the growing medium will retain/release water is
through the development of a moisture characteristic curve (MCC; Bunt, 1961). In soil or
substrate physics, this term is widely interchangeable and is colloquially termed a soil water
release curve (SWRC; Roy et al., 2018), moisture release curve (MRC; White and Mastalerz,
1966) and a water retention curve (WRC; van Genuchten, 1980). For simplistic purposes, the
remainder of this thesis will use MCC.
The relations within the MCC are between the matric potentials (or suctions) exerted by a
substrate at a particular moisture content and the percentage of water (by volume) retained by a
substrate (Fields, 2016). The development of an MCC can be used to determine the amount of
available water and unavailable water for plant uptake within a container (Fonteno, 1988). Many
have described plant available water (Veihmeyer and Hendrickson, 1927; Richards, 1928;

22

Richards and Wadleigh, 1952) as the water between permanent wilting point and field capacity,
as well as the velocity in which the water must travel to replace the water that was used.
Different substrates hold and release water that are completely unique from each other.
Fibrous substrates (i.e., peat and coconut coir) or substrates that contain fine particles (similar to
clay in field soils) tend to hold water more tightly due to internal porosities and large surface
areas. Whereas large substrate particles that are coarse in nature allow water to drain freely and
have a smaller surface area, which inadvertently does not tightly hold onto water molecules
(Hillel, 2004; Raviv and Lieth, 2008).
Letey et al. (1962) defined the wettability of a material as the ability of water or a
solution to come in contact with a solid surface by cohesion/adhesion and spread. Much of the
soilless substrates used in container production are organic compounds. These organic
compounds tend to initially repel water, or once dried, the rewettability of the substrate becomes
difficult. Hydrophobic substrates resist entry of water infiltration from seconds to hours (King,
1981; Dekker and Ritsema, 1994; Wallach et al., 2005). This can drastically slow down
production, create dry pockets, create an inefficient use of natural resources, increase surface
runoff from containers, increase percolation rates (Wallach, 2008) and require a long time to
rewet (Valat et al., 1991; Michel et al., 2001). A technique to measure the wettability of a
liquid/solid/air interaction is through the contact angle of various points (Letey, 1969). The
contact angle is the measure of the soil, water, and air interfaces (Hillel, 2004). Typically, if the
contact angle is greater than 90°, the liquid does not wet the substrate (Wallach, 2008). As the
contact angle increases, the wettability of the substrate decreases during drying (Michel, 2017).
The contact angle was determined an efficient method to establish hydrophobicity classification
in horticultural soilless substrates (i.e., bark, wood fiber, peat; Michel, 2017). In addition, Fields
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et al. (2014) measured the hydration efficiency of wood fiber, shredded wood, pine bark, and
peat. The observed results were that shredded wood, fresh pine bark, and peat (in increasing
order), showed hydrophobic properties as hydration events occurred. Another and inexpensive
method to measure the wettability of a substrate was conducted by Dekker and Ritesma (2000),
known as the water drop penetration time (WDPT) test. Droplets of water are set on a solid
surface and the amount of time it takes for the liquid to infiltrate the solid particles is recorded
(Fields, 2012).
1.4.3. Analyzing Substrate Hydrophysical Properties
Two questions commonly arise when producing crops: when does a grower water their
crops and how much water is applied at each application (Hillel, 2004). Through the innovative
use of modern technology, scientists can measure the status and flux of water throughout the
substrate profile by means of tensiometers, soil moisture sensors, and computer software and
models. The combination of utilizing these instruments and modeling platforms can allow
scientists and growers to conceptualize the water dynamics that are occurring within the
container. Employing the two types of sensors can demonstrate the behavior of how water, plantroot interactions, and substrate hydrophysical properties are related within the container profile.
It can describe the energy a crop will need to use to exploit water from the substrate particles
(Montesano et al., 2015). Another possible method to determine how well plant roots can take up
water and transpire is through means of leaf sensors. Leaf sensors measure the turgidity of the
leaf by sending an electrical signal through the plant tissue. If a leaf is fully turgid, water is
abundant within the cells and there is less resistance for an electric signal to travel through,
resulting in a lower reading. In recent years, there has been significant research on tensiometer
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and soil moisture sensor-based irrigation management (Bacci et al., 2003; Montesano et al.,
2015; Daniels et al., 2012; Ganjegunte et al., 2011; Testezlaf et al., 1999).
Tensiometers are useful devices that measure the substrates moisture tension, otherwise
known as the matric potential or suction, in which how strongly water particles are bound to
substrate particles (Kirkham, 2005). Tensiometers are effective tools and most often favored to
detect substrate physical properties because of their inexpensive price and straightforward use.
They have the capabilities to deliver high precision readings of substrate tensions that can be
taken as frequent as every 30 seconds. Tensiometers contain a ceramic, porous cup filled with
distilled or deionized degassed water. As the ceramic cup equilibrates with the surrounding
soil/substrate, water will flow through the porous tip. If the water travels outward, a negative
potential is measured via a pressure gauge or more recently, pressure transducers. Water flow
inward (into the ceramic cup) will thereby result in an increase in substrate matric potential. The
most frequently used type of tensiometers used in research and the field are water-filled
tensiometers accompanied by pressure transducers and an extensive data logging system
(Whalley, 2013; i.e., Campbell Scientific, Inc, CR1000x).
Previously, real-time measurements were difficult to attain due to the lack of technology;
however, with improvements in these instruments, real-time calculations can be collected for
more accurate readings in practical scenarios (Daniels et al., 2012). It has been suggested that
plant unavailable water in most crops is usually held at pressure potentials between -1.0 and -2.0
MPa; however, many researchers use -1.5 MPa as the plant unavailable water threshold
(Richards, 1952; Fields et al., 2020a). Nevertheless, due to the fact that low pressures initiate the
vaporization of water, transitioning liquid water into a gaseous phase within the tensiometer,
most ceramic cup tensiometers are unable to measure pressures beyond -85.0 kPa (Klute, 1986;
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Fields, 2012). In containerized substrates such as pine bark, pressures are most likely to fall
within -1kPa and -10 kPa, where it is not common to receive data from pressure transducers to
read pressures above -30 kPa (Puustjarvi and Robertson, 1975). A few draw backs to using
tensiometers in greenhouse and container production are since soilless substrates tend to have
more air-filled porosity, it can be difficult to create a suitable connection with the ceramic cup
and the large substrate particles (Montesano et al., 2015). Additionally, overtime in water filled
tensiometers, the quantity of water may decrease and would need to be refilled at a maintenance
level.
Soil moisture sensors or volumetric water content sensors are used to measure the
quantity of water that is present within the container on a volume basis. There is a unique
correlation between the substrate matric potential and water content that appears to be inversely
related during hysteresis (Hillel, 2004). Soil moisture sensors can be of equal importance but
serve as a different function to understand the water dynamics within the container. One
common method is measuring the dielectric permittivity. The sensors send an electrical signal
down the rods and using an electromagnetic field it measures the diametric permittivity of the
contacting substrate. The time the charge takes to travel down to each rod, through the substrate
and back is proportional to the substrates dielectric charge and evidentially, the volumetric water
content (Sample et al., 2016). The changes in the permittivity of water will correspond to the
changes in water content. Soil moisture sensors have desirable traits to be used in the industry
and in research such as requiring little maintenance upon installation: they are not invasive to the
substrate and maintain a high degree of accuracy in its readings (Qinglan, 2020). Substrate
moisture sensors may also read the substrates temperature and electric conductivity (EC). The
implementation of both instruments within a container can effectively allow a grower to
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understand the physical properties and water dynamics that occur not only from the substrate
alone, but the role plant roots play within the container.
1.5. Substrate Microbiology
The microbiology of containerized substrates is an emerging field because similar to
soils, microorganisms play a vital role in horticultural substrates. Microorganisms can be
responsible for the mineralization or immobilization of nutrients, making nutrients available or
unavailable for plant uptake (Brady and Weil, 1996). This is particularly important for nursery
growers because plant roots are confined to the container and cannot search for available
nutrients. Scientists are able to identify microbial community populations within substrates by
observing the phospholipid fatty acids of microbes (Eder, 1995). Lipids are classified as organic
molecules that are insoluble in water. A phospholipid consists of glycerol, two fatty acids, and a
phosphate group (PO4; Quideau, 2016). The phospholipid fatty acid quickly decomposes when
microbial cells die. Examining the abundance of the phospholipids can act as a representative
sample of the microbial community within the sample. The ester-linked lipids are extracted from
a sample and the membrane of the cells are broken down. The broken-down membranes are
converted to methyl-esters by an alkaline methanolysis. Now, the fatty acid methyl-esters,
otherwise known as (FAMEs) are converted to an organic phase and can be detected from a gas
chromatograph (Quideau, 2016). Fatty acid methyl-esters are examined by the number of carbon
atoms that are present and the number of positions of the first double bond. Fatty acids are vital
constituents of every living cell. Therefore, the presence of the phospholipid fatty acids allows
scientists to examine representative microbial biomasses in biotic and abiotic systems. Observing
the fatty acids can detect changes that microbes undergo due to environmental fluctuations and
stressors.
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1.6. Substrate Stratification
Stratification is the arrangement or classification of something into different groups. With
much research into the understanding of substrates physical, chemical, and hydraulic properties,
little research has been conducted in the ways of engineering the substrate profile within the
container system. A relatively new concept introduced to the nursery industry is soilless substrate
stratification. This is stacking unique substrate layers that contain different system hydraulics
within a container to easily engineer the substrates air to water ratio and modify its water
dynamics (Fields et al., 2020b). Stratification of soils occurs naturally in the pedosphere among
different soil horizons (Brady and Weil, 1996). This been implemented in other research such as
improving the growth of ornamentals (Franz et al., 2007), storm water remediation (Riley et al.,
2018), green roofs (Papafotiou et al., 2013), and water filtration and purification systems (Zaman
et al., 2017). Substrate stratification may allow growers to reduce their overall water use by
creating desirable water retention capabilities that conventionally filled systems with bark-based
substrates cannot offer. Since containers are traditionally filled with a uniform substrate, the
upper portion tends to have lower quantities of water relative to the bottom portion. Due to
gravitational forces, there is a steep decline in substrate moisture gradients (Fonteno, 1989).
Therefore, stratifying substrates within the container may allow for more uniform hydraulic
distribution within the container system. Fields et al. (2021) showed system hydraulics could be
manipulated to conserve water, increase plant growth within the first year of establishment,
reducing fertilizer load by 20%. Additionally, it has been shown that growers can reduce weed
germination rates by keeping the upper strata dry when proving coarse particles in the top half of
the container (Marble and Khamare, 2020).
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The authors hypothesize applying finer particles or fibrous materials such as peat or coir
in the upper strata may retain sufficient quantities of water and nutrients for the root zone.
Altland et al. (2018) showed that air space can be reduced while container capacity and moisture
retention can be improved when fine particles are present. This may allow for enhanced
exploration and growth of fibrous roots to utilize their nearby resources. Conversely, arranging
coarse material in the lower strata would aid in drainage and provide an optimal environment for
root growth. Furthermore, aeration through the substrate also increases as bark particle sizes
increases (Mathers et al., 2007).
Substrate stratification allows growers to easily apply fertilizer only to the top portion of
the container system. Therefore, as roots grow, the fertilizer leeches parallel to the root’s growth,
increasing the proportion of the fertilizer accessible to plant roots rather than nutrients quickly
leaching form the container.
Substrate stratification used in concert with tactical irrigation schedules and
complimentary paired stratas may lead to increased resource use efficiency and limiting leaching
of fertilizer, ultimately conserving resources and money (Fields et al. 2018; Fields et al., 2021),
while promoting environmental stewardship practices.
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2. EVALUATING STRATIFIED SUBSTRATES EFFECT ON
CONTAINERIZED CROP GROWTH UNDER VARIED IRRIGATION
STRATEGIES
2.1. Introduction
Plant nurseries are the primary producer for ornamental crop production in which plants
are grown to quickly generate a salable crop (Dumroese et al., 2012). Most nurseries consist of
open-air production systems, which require intensive management practices to run efficiently,
maintain profitability, and produce aesthetically superior crops (Avent, 2003). This balance of
needed intensive management and profitably requires nursery growers to sustainably and
effectively employ resources, such as water, substrates and fertilizer, to persevere in the industry.
Agriculture is the primary consumer of Earth’s freshwater resources, with overwhelming
estimation that 70% of all freshwater withdrawals are used for agricultural production (Calzadilla
et al., 2010). Research has shown that many aquifers, ground water, and surface waters are being
depleted, and there may be long-term consequences due to large agricultural water consumptions
(Kirkpatrick et al., 2009; Steward and Allen, 2016; Thomas and Famiglietti, 2019). Agricultural
production and sales have been increasing in the last two decades, where in 2002, all agriculture
products sold were approximately $200 billion and increased to $389 billion in 2017 (U.S.
Department of Agriculture, 2019). To sustain this growing demand, more water is required to
meet increasing production needs (Morison et al., 2008). In 2009, horticultural specialty crops
and nursery stock generated $15.9 billion and increased to $18.3 billion in 2019 (U.S.
Department of Agriculture, 2020). This industry accounts for approximately 4.7% of all the
agricultural crop sales within the U.S. (U.S. Department of Agriculture, 2020) and where
container production is abundant, water for irrigation may be restricted, limited, or both (Beeson,
2006). Fulcher and Fernandez (2013a) estimated that container nurseries use upwards of 177
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m3/hectare/day watering their crops. Accordingly, a growing proportion of nurseries have
become conscious of their environmental impact and currently implement ‘Best Management
Practices’ to their production practices and thus, improving environmental stewardship among
the industry (Mack et al., 2017).
Sustainability, especially in horticulture, has grown in popularity (Dennis et al., 2010)
and consumers have become concerned where their products are derived from and how they are
produced. Krug et al. (2008) stated that implementing sustainable greenhouse production
practices (recycling containers, controlled release fertilizers, alternative energy sources,
biological controls, composting, etc.; Lopez et al., 2008; Dennis et al., 2010) may create a “niche
market”, attracting consumers that shop at locations that have adopted sustainable habits.
Additionally, consumers may be willing to pay top price for sustainable products (Krug et al.,
2008) or when products are produced locally. Research has shown a variety of opportunities to
increase production sustainability among container nurseries, especially in regard to a decrease
in plastic use utilizing alternative containers (Nambuthiri et al., 2015), plant water use (Fields et
al., 2018), reduction in peat materials with alternative substrates (Jackson et al., 2010), decrease
in water inputs via substrate engineering (Fields et al., 2017), irrigation efficiencies through
strategic scheduling (Million and Yeager, 2020), and additional best management practices
(Bilderback, et al., 2013).
Resources are of upmost importance to nursery crop producers as water shortages
intensify and restricted sources may become more abundant (Costa et al., 2007; Fulcher et al.,
2016). It is becoming necessary for growers to implement more conservative water application
approaches with informed irrigation scheduling used as a primary method for conservation.
(Yeary et al., 2016; Million and Yeager, 2020). The most basic and necessary practice for a
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grower is delivering water to crops. Excessive applications or inadequate watering can result in
detrimental losses to the health and quality of the crop yield and to a nursery’s profitability.
Optimizing irrigation applications can reduce costs by decreasing energy use, fertilizer, and labor
required, speed production time through an increased harvest by decreasing plant loss
(Lichtenberg et al., 2013), and reduce overall water use (Bayer et al., 2015; Million and Yeager,
2015).
Overhead irrigation is the most commonly used method to apply water to nursery
containers, especially for those less than 26.5 L (Fulcher et al., 2016) in size. Typically, nurseries
will apply overhead irrigation once per day (Beeson and Haydu, 1995), either via scheduled
clocks or manually by employees (van Iersel et al., 2013). Growers will often schedule
irrigations predawn or early morning to ensure worker access during the day and reduce the
losses of water from wind and evapotranspiration (Fulcher and Fernandez, 2013b). However,
irrigating once a day may not optimize to the substrate’s ability to effectively retain the
infiltrating water. Irrigating once a day relies solely on the water storage/reservoir of a given
container for a 24-hour period. This reservoir can become depleted, and the substrate
components can become hydrophobic preventing the ability to adequately rewet the substrate
upon the next irrigation. Thus, an excessive quantity of leaching from the container may occur
(Lieth and Oki, 2008).
Conversely, cyclic irrigation, or irrigating the same quantity of water in smaller
quantities throughout the day, was designed to irrigate crops proportional to the ability of a
substrate to store water (Lamack and Niemiera, 1993). Moreover, cyclic irrigation replenishes
the water reservoir throughout the day to ensure physiological processes and subsequent growth
is not limited by the water status of the crops (Warren and Bilderback, 2002). Numerous authors
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have reported that plant responses such as plant height, lateral branching, increase in root
exploration, root and shoot dry weight, and stem diameter are increased when cyclic irrigation is
utilized (Ruter, 1998; Witcher, 2003; Ismail et al., 2007; Taylor et al., 2013;). Furthermore, many
have reported that cyclic irrigation also reduces leaching of mineral nutrients from a container
and decreases the subsequent surface run-off that can lead to eutrophication of contaminated
waters (Karam, 1993; Witcher, 2003; Taylor et al., 2013). It was also concluded by few that
cyclic irrigation can reduce water consumption by upwards of 38% within the container (Lamack
and Niemiera, 1993; Tyler et al., 1996; Yeary et al., 2016). In addition, multiple applications
ensure that an amount of water not exceeding substrate capacity is added to a relatively
hydrophilic substrate in which available water is already present, thus, minimizing channeling
and supporting more “piston flow” like hydraulics within the container column (Hoskins et al.
2014b).
Deficit irrigation is also becoming more commonly implemented as a water management
strategy as water becomes less available. Fulcher et al. (2016) predicts that future agricultural
systems will be required to increase their crop yield while consuming and applying less or lower
quality water. This entails reducing the quantity of water that is irrigated to the crops based on
the standard watering quantity (Fereres and Soriano, 2007). Deficit irrigation involves inducing
water stress to the plant and is often used during drought-sensitive growth stages to reduce water
use (Asrey et al., 2018).
Substrate management is one method which can lead to more water efficient production
practices for containerized crops. Soilless substrates were initially designed to improve the
porosity (Wilkerson, 1981) and aeration throughout the container (Raviv and Lieth, 2008), while
allowing ample drainage within a container (Jackson et al., 2006). Pine bark has been observed
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to be a suitable medium for plant growth (Pokorny et al., 1986), especially in southern nurseries,
and is accepted as the primary component of most soilless substrates in container production
(Bilderback et al., 2013). However, these properties may often lead to multiple irrigation
applications (Tyler et al., 1996; Majsztrik, 2017). This results in surface and ground water
contamination (Richards and Reed, 2004), a loss of mineral nutrients (Taylor, 2013), and
increased use of water (Mathers et al., 2005). Previous studies have shown that additions of
fibers such as coconut coir and sphagnum peat moss are excellent at increasing the water holding
capacities within a substrate (Evans et al., 1996; Londra et al., 2018). Fine particles are also
effective at increasing water retention reducing air space, and increasing container capacity
(Altland et al., 2018). Bilderback et al. (2013) suggested that engineering (i.e., maintain the
balance between air space:water content ratio) soilless substrates within the container can steer
the industry towards more sustainable futures (i.e., ensuring the continued availability or stability
of upcoming substrate use). More recently, it has been shown that substrate engineering, altering
components to modify dynamic physical properties, can ultimately reduce overall water use and
production times (Fields et al., 2017).
Much of the current research surrounding soilless substrates is focused on alternative
materials (Barrett et al., 2016), engineering substrate properties (Fields et al., 2018), or
understanding water (Fields et al., 2020a) and mineral nutrient (Hoskins et al., 2014a, b)
dynamics within the system. While these are effective means and are new directions of research
of pursuit, innovative fine-tuning of substrate hydraulics in the form of container substrate
management have recently arisen (Fields, et al., 2020). Historically, growers fill the whole
container with a single- or multiple-component substrates blended uniformly throughout the
container. Stratification of soilless substrates involves stacking unique substrate layers within the

34

container system. Fields et al. (2021) showed the substrate system could be manipulated to
conserve water, increase plant growth within the first year of establishment, and reduce fertilizer
load by 20%. This concept has also been used by Marble and Khamare (2020) to reduce weed
germination in containers in which a coarse, dry substrate layer is placed atop conventional
substrate.
Substrate stratification may allow growers to reduce their overall water use by creating
desirable water retention capabilities. The current water gradient that is present within a
traditional container is not optimal for the totality for containerized crop production when
utilized a single-heterogeneous substrate. This substrate management strategy may reduce plant
establishment rates due to a drying upper portion (Fonteno, 1987) and saturated bottom portion
that reduces substrate gas exchange (Caron et al., 1999).
Slowing the rate at which water is lost in the upper half of the substrate profile, while
limiting saturated conditions in the lower half through stratifying substrates might complement
root growth while corresponding to diurnal evaporation/transpiration, may bring a multitude of
advantages to container production. Further benefits of the stratified system may allow growers
to utilize alternative irrigation scheduling for added water efficiency. Substrate stratification may
allow nursery growers to take more advantage of cyclic irrigation timings or practice a deficit
irrigation regime, even when weather patterns do not seem favorable. Repeated shallow
irrigations can fully hydrate the upper strata while still allowing for necessary wet-dry patterns.
The fundamental objective of this study is to determine if substrate stratification practices
can aid in increasing water resource efficiency of containerized crops while quickly producing a
high-value and uniform crop. This objective is accomplished by 1) investigating the impact of
stratified substrate systems on crop growth and development, and 2) assess the interaction of
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substrate and irrigation. The authors hypothesized that stratifying substrate systems may allow
for a reduction in irrigation volumes to applied and thus improve water resource usage.
2.2. Materials and Methods
2.2.1. Substrate Preparation
Aged pine bark (Phillips Bark Processing Co.; Brookhaven, MS, U.S.) was sourced and
processed through a continuous flow screen (Gilson Company Inc. Model # CF-1, Serial # CF217; Lewis Center, OH, U.S.) at the LSU AgCenter Hammond Research Station (Hammond,
LA, U.S.). The goal of the processing was to develop five unique substrates through bark
fractioning and amending with different fibrous materials. The continuous flow screen was fitted
with a 6.3 mm aperture screen, set to 569 revolutions per minute, and screen level was
maintained at 5° inclined slope throughout the experiment. Two receptacles were placed under
the sieve to collect particles that passed through the screen (unders) and to collect particles that
did not pass through and were discharged (overs). The bark particles were processed through the
screen at a rate of 0.012 m3/min, and the process was stopped every 10 min to remove debris
from screen. The screened particle comprised of a 3 to 5 ratio unders:overs by vol. (L) and a 4 to
5 ratio unders:overs by dry weight (kg). This process was continued until a total of 0.84 m3
coarse bark particles (overs) and 0.28 m3 of fine bark particles (unders) were collected to account
for every stratified lower strata (coarse bark) and the stratified treatment fine bark layered above
coarse bark (FB). In addition, 0.57 m3 of unscreened pine bark was collected (control substrate).
Two additional substrates were prepared by blending 0.3 m3 conventional pine bark with either
hydrated coconut coir (Jolly Gardener; Gainesville; VA) or hydrated Sphagnum peat moss
(Premier Tech; Quebec, CA) at 3:1 by vol. ratio. Each substrate was then amended with 2.67
kg/m3 dolomitic lime (Lime-Rite Pelletized Dolomitic Lime, Roswell, GA) and 0.89 kg/m3
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micronutrients (Micromax G90505; ICL Specialty Fertilizer, Dublin, OH) and blended in ribbon
soil mixer for 10 min.
2.2.2. Physical Properties
Static physical properties were measured via porometer analysis of three replicates as
described by Fonteno and Harden (2010) to determine air space (AS), container capacity (CC),
total porosity (TP), and bulk density (Db). Particle size distribution of each substrate was then
evaluated by passing three 100g dry replicates of each substrate through a column of 6.30, 2.00,
0.71, 0.50, 0.25-, and 0.11-mm sieves, with a pan at the bottom. Each sample was agitated for
exactly five minutes with a Ro-Tap shaker (Rx-29; W.S. Tyler, Mentor, OH, U.S.), as the
particles were allowed to pass through the column until further movement was restricted, due to
aperture blockage. Particles remaining on each sieve were weighed and compiled into four size
classifications: extra-large (>6.3 mm), large (2.00- 6.3 mm), medium (2.00- 0.71 mm) and fines
(<0.71 mm).
2.2.3. Stratified Substrates
On 9, June 2020, 224 8.52 L containers (#2 C1000 Blow Molded-Classic Line; Nursery
Supplies, Kissimmee, FL, U.S.) were filled with one of four substrate treatments. The control
treatment consisted of conventional pine bark (CTL). The remaining three substrate treatments
were stratified, wherein the bottom half of the container was filled with coarse bark (overs on a
6.3 mm screen). The top strata was filled with either fine bark park particles (unders from 6.3
mm screen; FB), bark:peat moss blend (BP) or bark:coconut coir blend (BC). Each strata or layer
was approximately 11.5 cm in height as controlled by ensuring the lower strata was the proper
height before filling with the upper strata. After all 224 containers were filled with the
corresponding substrate treatments, a 5.6 cm landscape liner of Loropetalum chinensis ‘Ruby’
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(Liner Source, Inc., Eustis, FL, U.S.) was planted in each container. Each container was then topdressed with 0.8x (53.6 g) of the medium-high recommended rate of 18.0N-6.0 P2O5-12.0 K2O
controlled release, slow start fertilizer (Osmocote; ICL Specialty Fertilizers, 1–2-month
temperature depending; Dublin, OH). Experimental units were then moved to an open-air
nursery simulation gravel pad and uniform overhead irrigation was applied daily for 6 d to
promote root establishment.
2.2.4. Irrigation Scheduling
After this establishment period, the replicates were split into different irrigation
treatments. There were four different irrigation treatments, split into two blocks following a
randomized-block design (two blocks x four irrigation treatments = 8 total blocks). Each block
contained seven random replicates of each substrate treatment (7 replicates x 4 substrate
treatments = 28 total experimental units per block) spaced uniformly throughout the block. The
four irrigation treatments were a single application per day (SA), a single application per day
deficit irrigation (SD) which was 0.75x of SA; a cyclic irrigation treatment (CA) which consisted
of equivalent volume of water as SA but divided evenly into three irrigations daily (0700, 1030,
1400 hrs daily); and finally, a cyclic deficit (CD) irrigation that irrigated at 0.75x the rate of each
CA cycle. Irrigation timing was adjusted over the study based on leaching fractions in the SA
irrigation zones. As adjustments were made to target a leaching fraction of 20%, SA and CA
were adjusted accordingly, and SD, and CD were adjusted receiving 0.75x of SA and CA,
respectively.
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2.2.5. Growth and Fertility Measurements
Growth indices [(plant height + widest width + perpendicular width)/3] were taken
approximately every 15 ± 1 days of three randomly selected plants of each treatment in each
block. Three plants per substrate treatment were measured in every irrigation block were
recorded for growth indexes with exception of the initiation of the study, where every plant was
measured.
Substrate fertility was measured via pour-through analysis (LeBude and Bilderback,
2009) approximately every 30 d on three random replicates of each substrate treatment in every
block. Wherein, plants were irrigated to effective container capacity (maximum water holding
capacity in practice), allowed to equilibrate and 500 mL of deionized water was applied to
displace pore-water. The displaced pore-water samples were analyzed for electrical conductivity
(EC) and pH with a portable probe (GroLine HI 9814; Hanna Instruments, Woonsocket, RI,
U.S.).
2.2.6. Microbial Communities
To determine microbial community structure, approximately 115 days after initiation
(DAI), a 10 x 2.5 cm window was cut into the east side of three randomly selected replicates of
every treatment. Substrate samples from each strata were collected and analyzed by utilizing the
fatty acid methyl ester analysis (FAMEs) as biomarkers described by Quideau et al. (2016). The
FAME peaks were analyzed using identification software (MIDI, Microbial ID, Inc., Newark,
DE, U.S.) on a gas chromatograph (7890B, Agilent). Using a 19:0 standard, the concentration of
FAMEs (nmol g–1 substrate) were computed by divided each FAME calculated by the total
summation of identified FAMEs among the samples. Biomarkers included 085: 17:0 10-methyl,

39

105: 18:0 10-methyl, TBSA, 067: 16:0 10-methyl for actinomycetes, 058: 16:1 ω5c for
arbuscular mycorrhizae fungi, 087: 18:3 ω6c (6,9,12), 091: 18:1 ω9c, 090: 18:2 ω6c, 126: 20:1
ω9c for fungi, 054: 16:1 ω9c, 056: 16:1 ω7c, 078: 17:0 cyclo, 118: 19:0 cyclo ω6c, 093: 18:1
ω7c, 095: 18:1 ω5c, 115: 19:1 ω6c for gram negative bacteria (gram -), 021: 14:0 iso, 035: 15:0
iso, 037: 15:0 anteiso, 052: 16:0 iso, 053: 16:0 anteiso, 072: 17:0 iso, 073: 17:0 anteiso, 074:
17:1 ω9c, 098: 18:0 for gram positive bacteria (gram +), n123: 20:3 ω6, 9, 12c, 23:2 ω6,9c, 121:
20:4 ω6,9,12,15c for protozoa, and 154: 22:0, 161: 23:0, 168: 24:0 for eukaryotes (O'Leary and
Wilkinson, 1988; Paul and Clark, 1988; Ratledge and Wilkinson, 1988; Frostegard et al., 1993;
Laczko et al., 1997, Morgan and Winstanley, 1997; Zelles, 1997; White et al., 1998; Zelles,
1999; Madan et al., 2002). Leachate samples were also collected at approximately 30 DAI and
120 DAI. Nutrient concentration within these samples were analyzed via ion chromatography
(USDA-ARS; Wooser, OH, U.S.) to examine nutrient concentration at time of microbial
analysis.
2.2.7. Weather
The summer of 2020 saw multiple hurricanes projected to impact southern Louisiana. In
preparation for these storms’, plants were briefly (<5 d) moved from the simulated nursery pad to
a protected area and moved back after threat of the hurricanes. Experimental units were moved
three times in advance of Hurricanes Laura, Delta, and Zeta. Data was derived from the National
Centers for Environmental Information, National Oceanic and Atmospheric Administration
(NCEI and NOAA, respectively) as shown in (Fig. 2.1.).
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Figure. 2.1. Weather data of Hammond, Louisiana illustrating the mean, high, and low
temperature in (℃), and the mean precipitation in (cm).
2.2.8. Harvest
Photographs were taken of representative samples of shoots and roots in each treatment
on 151 DAI. The shoots and roots of every plant were assessed for subjective quality rates.
Afterward, the roots were separated from the shoots and roots were then washed of substrate
particles. The root and shoot tissue were normalized for mass by drying at 22.7℃ for seven days
and then weighed. Foliar nutrition of dried foliage from three plants per treatment was then
analyzed by the Louisiana State University Agricultural Center Soil Testing and Plant Analysis
Lab (Baton Rouge, LA, USA) by utilizing inductively‐coupled plasma methods and LECO CN
Analyzer. Leaf area was measured destructively by removing and counting each leaf of three
replicates per treatment and placing it on a leaf area meter (LI-3100Cl LICOR; Lincoln, NE,
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U.S.). Leaf area index (LAI) was then calculated by dividing the total leaf surface area by the
surface area of the substrate surface (519.29 cm2).
2.2.9. Data Analysis
The sixteen individual treatments were analyzed as a factorial. The data presented in
tables and figures with associated statistics were analyzed in JMP Pro (15.1.0; SAS Institute,
Inc.; Cary, NC, U.S.) utilizing Tukey’s Honestly Significant Difference (α = 0.05) to separate
means across five substrates (conventional bark, fine bark, bark:peat, bark:coir, and coarse bark;
Table 2.1.), crop responses across all substrate and irrigation treatments, and foliar nutrition.
Analysis of variance (ANOVA) was further utilized to determine any statistically significant
differences between the means of the substrate static physical properties, particle size fractions
based on dry mass, crop responses, foliar nutrition, leachate analysis, and microbial
communities. Additionally, standard error was calculated using JMP Pro (15.1.0) to determine
differences from the mean of the samples. Microbial community composition principal
coordinate analysis was completed by calculating the relative abundance of FAMEs utilizing
vegan (Oksanen et al., 2020) package in R (R-Core Team, 2020). Ordination plots were
generated to examine variances between substrate microbial communities among varying
substrate and irrigation treatments. Additionally, using the envfit function, the authors
determined the maximum correlation across microbe community proportions with vectors.
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2.3. Results and Discussion
2.3.1. Hydrophysical Properties
The conventional bark did not fit within the soilless substrate physical properties
recommended standards in terms of CC and AS (Bilderback et al., 2013); it had lower CC and
higher AS relative to fine bark, bark:peat, and bark:coir. The guidelines of the nursery container
substrates suggest that container capacity of horticultural substrates should range from 0.45-0.65
cm3 cm-3 (Bilderback et al., 2013). Fractioning bark particles larger than 6.3 mm (including some
proportions of bark fines due to aperture blockage) resulted in a reduction of CC (0.29 cm3 cm-3;
0.16 cm3 cm-3 below the recommended CC) while fractioning bark particles smaller than 6.3 mm
resulted in an increase CC (0.53 cm3 cm-3), when compared to the CC of conventional bark (0.41
cm3 cm-3; Table 2.1.). Richards et al. (1986) showed reducing pine bark particles <2 mm
increases water retentions, as observed in fine bark (Table 2.1.). Incorporating the fibrous
amendments to conventional bark resulted in the CC of bark:peat and bark:coir 0.02-0.04 cm3
cm-3 higher than the upper threshold of the recommended soilless substrate standards (Table
2.1.). This is likely in-part a result of increased surface area and its increased micro-pore
structure which is associated with incorporating finer and fibrous particles (Wallach, 2008).
Air space was different across all substrates (P=0.0030). Air space recommendations for
containerized nursery crop substrates fall between 0.10-0.30 cm3 cm-3 (Jackson, 2009a;
Bilderback et al., 2013). Fine particles often nest within pores of larger particles, which is shown
to decrease AS, increase CC (Altland et al., 2018), while fibrous amendments can improve
connectivity between particles (Jahromi et al., 2020). Thus, partitioning bark particles resulted in
an increase in AS in coarse bark (0.39 cm3 cm-3), 0.9 cm3 cm-3above the recommended soilless
substrate physical properties standards. The AS of conventional bark was 0.05 cm3 cm-3above
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the recommended standards (0.35 cm3 cm-3; Table 2.1.). The increased proportions of bark fines
in fine bark decreased AS (0.23 cm3 cm-3) and the addition of fibrous amendments in bark:peat
and bark:coir significantly reduced AS (0.14 cm3 cm-3and 0.17 cm3 cm-3, respectively; Table
2.1.).
It is suggested by many that soilless substrate TP should be maintained between 0.500.85 cm3 cm-3 for optimal plant growth (Yeager et al., 2007; Jackson, 2009a; Bilderback et al.,
2013). The absence of fine particles decreased coarse bark’s TP (0.67 cm3 cm-3) relative to
conventional bark. The addition of fibrous materials increased TP in bark:peat and bark:coir
(0.82 cm3 cm-3 and 0.84 cm3 cm-3, respectively; Table 2.1.) compared to conventional bark.
Growers often incorporate fine particles (i.e., sand) to increase Db (Altland et al., 2018) due to
heavier total weight. Therefore, reducing fine particles in coarse bark decreased Db when
compared to conventional bark.
The extra-large sized particle proportions were different for all substrates (P<0.0001).
The greatest percentage of extra-large particles was in coarse bark (0.31 g g-1) when compared to
all other substrates, while fine bark had the least (0.004 g g-1; Table 2.1.). The proportion of fine
particles in the conventional bark was similar to fine bark, bark:peat, and bark:coir (Table 2.1.).
Fine bark, bark:peat, and bark:coir contained 2x fine particles than that of coarse bark. The fine
sized particle proportions were different for all substrates (P=0.0020).
Bark form, geometry, and relative surface area are influential to a substrates
hydrophysical properties (Fields, et al., 2014a). The substrates hydraulic properties can be
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Table 2.1. Static physical properties and particle size distribution.

Particle size distribution y

Static Physical Properties z

Container
capacity
Substrate

Total porosity
Air space

3

cm cm

Bulk
density

-3

g cm-3

Extra
Large

Large

Medium

Fines

(6.3 mm–2.00
mm)

(2.000.71 mm)

(<0.71 )mm

(>6.3 mm)
g g-1

g g-1

g g-1

g g-1

cm3 cm-3

cm3 cm-3

Conventional bark

0.41 c a

0.35 a

0.76 ab

0.16 b

0.22 b

0.40 b

0.21 ab

0.18 ab

Fine bark

0.53 b

0.23 bc

0.76 ab

0.18 ab

0.004 c

0.38 b

0.38 a

0.24 a

Bark:Peat

0.69 a

0.14 c

0.82 a

0.19 a

0.22 b

0.32 c

0.21 a

0.25 a

Bark:Coir

0.67 a

0.17 c

0.84 a

0.17 b

0.21 b

0.36 bc

0.22 a

0.22 a

Coarse bark

0.29 d

0.39 a

0.67 b

0.14 c

0.31 a

0.45 a

0.13 b

0.11 b

P-value b

<0.0001

0.0030

0.0138

<0.0001

<0.0001

<0.0001

0.0021

0.0020

z

Measured via porometer analysis. Total porosity = minimum air space + maximum water holding (container capacity)
Percent of particle dry weight occupying extra-large > 6.3 mm, large > 2.00 mm, Medium > 0.71 mm, and fines < 0.71 mm.
a
Letters denote detected differences among means of five substrates (conventional bark, fine bark, bark:peat, bark:coir, and coarse
bark) utilizing Tukey’s HSD (α = 0.05).
b
Measures of overall treatment effects utilizing ANOVA analysis with a significance value of (α = 0.05)
y
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modified by their relative particle size distribution. Fine particles increase surface area and
thereby improve water holding capabilities whereas coarse particles increase pore diameter
which improves drainage (Brady and Weil, 1996). Engineering the geometries of the bark
particles and incorporating conventional bark with fibrous amendments will influence pore space
and water retention (Table 2.1.). The addition of fibrous amendments increased CC, TP and Db,
and decreased AS. Screening bark particles larger or smaller than 6.3mm also has influence on
CC, AS, TP, and Db.
2.3.2. Stratified Substrate Growth Trial
Crop growth was affected 36 DAI by both substrate (P=0.0350) and irrigation
(P=0.0101), whereas crops grown under SA and CA irrigation regimes outgrew those grown in
the deficit irrigation treatments. The authors expect this early growth is due to plants overcoming
transplant shock and quickly establishing developing root systems (Grossnickle, 2005; Fig. 2.2.A
and C) under more ideal water conditions. Plants grown in stratified treatments outgrew plants
grown in CTL treatment bark under SA because the stratified system has potential to provide
young plants more optimal initial growing conditions through improved water retention (Table
2.1; Fields et al., 2014; Altland et al., 2018), incorporation of unique substrate amendments
(Scagel et al., 2003; Fields, 2016; Jahromi et al., 2020) in the upper half of the container, and
improved air-filled porosity in the lower half of the container (Fields et al., 2021) to help
adjustment (Fig. 2.2.A). Whereas in CTL, due to gravitational forces quickly driving water
movement downward, the upper portion of the substrate was likely drier than the lower half
(Owen and Altland, 2008), resulting in water flux quickly infiltrating through the profile
(Hoskins et al., 2014c). Plant liners grown in conventional bark may have experienced water
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stress due to these drier conditions in the top half of the container (Kingston et al., 2017) and the
undesirable water gradient resulted in wet conditions below plant liner roots, restricting
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Figure 2.2. Plant growth index over the course of the study.
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root growing space (Mathers and Leidenfrost, 1995; Mathers et al,. 2007). Therefore, the top
strata substrate components within the stratified system had increased amount of available water
(bark:coir, Jahromi et al., 2020; bark:peat, Fields et al., 2021) compared to conventional pine
bark (Fields et al., 2014) and subsequent ability to transfer water (unsaturated hydraulic
conductivity; Fields, 2016) to sustain crop growth during dry/drying conditions. Due to their
physical properties (Table 2.1.), it is possible that more water was held within the upper strata
due to the increased proportions of bark fines (Richards et al., 1986) or fibrous substrate
amendments (Jahromi et al., 2020). Wallach (2008) found that when placing a tensiometer in the
upper and lower half of the container under ‘dry’ and ‘wet’ treatments, the wet treatments did not
experience as low matric potentials in upper portion of the container. Thus, the increased water
retention in all top stratas possibly should allow increased access to plant available water.
Plants grown in CTL grew the best in SD when compared to other irrigation schedules.
However, CTL plants had the lowest survival rate across substrate treatments and irrigation
treatments, especially in CD. Possibly, conventional bark is more efficient in single irrigations
with larger quantities of water. To expand, the infiltrating water in CTL spread more or as evenly
throughout the container in SD, similar to the stratified systems. However, in CD, plants grown
in CTL had poor growth and survival rates because there was little water available for plant
utilization in the media. As a result, water was held at low tensions which can decrease hydraulic
conductivity; whereas in the upper strata in stratified treatments, water was retained in sufficient
proportions and reduced the tendency of reaching low tensions, even in water deficit conditions.
Hillel (2004) discussed that hydraulic conductivity decreases with descending moisture status.
Furthermore, Fields et al. (2017) showed that fine bark and bark-coir had greater unsaturated
conductivity than conventional pine bark. Hence, the increased water retention of the stratified
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treatments in concert with increased hydraulic conductivity, there was more water available in
the upper strata.
The deep irrigations in SA and SD allowed the stratified system to have a more uniform
water content throughout the substrate profile. The upper strata enabled the irrigation water to
uniformly redistribute above the stratified interface before percolating further throughout the
container. Fields (2016) simulated water flux in sphagnum peat moss and pine bark utilizing
HYDRUS 1-D. The results showed that the peat moss (which retains more water than pine bark),
had greater moisture content in the upper surface upon equilibrium than the bark-based substrate.
Though the peat moss bottom surface reached saturation quicker than the pine bark due to
decrease proportions of water required to bring the peat to saturation, the bark possibly had a
more heterogeneous and widely distributed/varied pore sizes or larger diameter pores, thus
resulting in faster flow towards the bottom of the container. Accordingly, water flux through
CTL likely exhibited preferential flow due to low moisture contents and quickly was displaced
through the profile (Hoskins et al., 2014c). Owen and Altland (2008) demonstrated that
gravitational forces drive water movement downward which results to an undesirable moisture
gradient. However, stratified systems may be able to invert this process by holding a substantial
proportion of water in the upper half where water is often lost quickly.
Fonteno (1989) showed that the upper portion of the substrate dries more quickly and
often contains lower quantities of water than the lower half due to gravitational forces, surface
evaporation, and plant uptake. This was also observed by Milks et al. (1989) where volumetric
water content in the upper half of the container was at 32% and was increased to 69% in the
lower half. Therefore, the stratified system was designed to enable water retention strategically
throughout the container profile where water is often lost quickly. For example, during the
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establishment stages, young-plant roots have not yet explored the container. Hence, as plant roots
establish themselves, roots are generally concentrated in the top half of the container, generating
plant-water demand in the upper substrate strata, while water in the lower strata goes unutilized.
This unutilized bottom portion of the substrate often creates waterlogged conditions and
potentially reduces required air exchange to the lower rhizosphere. Therefore, growers must
replenish water in the upper portion of the substrate to maintain proper plant health through
frequent watering (Fields et al., 2021). As a result of the stratified system, roots concentrated in
the upper portion of the container may not have experienced as strong of tensions that CTL may
have, thereby stable enough to endure both root uptake and evaporative demand.
All plants in stratified treatments outgrew CTL plants in CA and CD (Fig. 2.2.C-D). One
goal of stratifying substrates was/is to surpass the unfavorable gravitational water gradient that
occurs in the container, while simultaneously allowing resources to be readily available for root
utilization as young, transplanted plant roots explore the profile from the substrate surface
downward. Bauters et al. (2000) found that in sands at high moisture contents, the wetting front
was slower and wider than at lower moisture contents. Therefore, a drier upper half in CTL may
have resulted in faster water flow and channeling and slowed as the wetting front approached the
wetter bottom portion (Hoskins et al., 2014c). Hence, stratified substrates may enable for a more
uniform wetting front due to greater water contents where water first enters the profile at the
substrate surface. Additionally, stratified substrates may be able to support plant growth with
more frequent, shallow irrigations, through added retention of water in the upper strata. The
shallow irrigations may enhance the stratified system to improve moisture retention in the upper
half and subsequently prevent/reduce shallow rooting from occurring when growers overwater
(Taylor et al., 2013) and waterlogging occurs at the container bottom (Mathers and Leidenfrost,
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1995), thus leading to poor gas exchange. The ability to hold adequate water in the upper portion
mediated the hysteretic influences until the next subsequent irrigation and facilitated/reduced
plant water stress during a critical and fragile period (i.e., transplant shock and lack of a
developed root system), resulting in quicker growth. Mathers et al. (2007) stated that coarse
particles increase the quantity of large diameter gravitational pores, which in turn increases the
amount of air occupied within pore spaces after gravitational drainage occurs (at CC). Due to
increased air-filled pores in CTL after gravitational drainage, more air is filled throughout
gravitational pores and water is held at lower tensions within its capillary pores. As water is
distributed throughout the substrate profile to maintain equilibrium, substrate particles hold onto
water molecules more strongly. Hence, where young plant roots are more likely to be
concentrated and where high evaporative demand is present (i.e., upper half of the container),
there would be less plant available water and stronger hysteretic influences. It is likely that in
CTL, where AS is higher in the upper strata compared to stratified systems, there were greater
desorption (i.e., drying) influences than sorption (i.e., wetting/retention) after watering. This may
allude to CTL being incapable to ease hysteretic forces and balance drying/wetting curves.
As daylight and temperatures decreased (Fig. 2.1.), the crops were irrigated every other
day beginning 113 DAI while continuing their respective irrigation schedule. After subsequent
GI, there was a decrease in CTL’s plant growth rate in CD (Fig. 2.2.D), the interaction between
substrate and irrigation (P=0.0493) influenced plant growth index from 113 DAI until harvest.
One of the favorable properties of conventional pine bark that gives the substrate popularity in
the southern horticultural industry is its ability to effectively drain water well (Pokorny et al.,
1986). Thus, it is hypothesized that when the CTL treatments received low quantities of water in
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Table 2.2. Plant physiological and morphological measures.
Irrigation

Substrate

Survival
Status z
(%)

Single
Application

Single
Application
Deficit

Root:
Shoot dry
mass ratio y
(g)

Shoot dry
weight x
(g)

Root dry
weight w

(cm)

(g)

Root
index u
(cm)

Leaf
area
index t
(cm2)

Leaf
Count s
(#)

Average
shoot
rating r
(1-5)

Average
root
Rating
(1-5)

Conventional Bark

0.6

0.45

5.7

2.6

10.7

19.2 ab a

1.2

210

3.7 abc

2.9

Stratified – Fine Bark

0.7

0.73

7.7

4.0

20.1

19.5 ab

1.3

341

3.6 abc

3.1

Stratified – Bark:Peat

0.7

0.86

7.3

4.1

14.8

18.4 ab

1.6

321

3.7 abc

2.9

Stratified – Bark:Coir

0.9

0.50

10.9

5.5

23.0

19.7 ab

1.7

350

4.1 a

3.3

Conventional Bark

0.5

0.56

7.3

3.9

16.4

21.7 a

0.8

167

3.6 abc

3.3

Stratified – Fine Bark

0.6

0.42

7.4

2.7

17.1

17.9 ab

1.1

204

3.2 abc

2.7

Stratified – Bark:Peat

0.6

0.58

6.8

3.8

17.1

19.8 ab

0.6

174

3.4 abc

2.8

Stratified – Bark:Coir

0.7

0.60

9.7

5.6

20.0

19.6 ab

1.3

234

3.7 abc

3.4
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ΔGI v

Irrigation

Substrate

Survival
Status
(%)

Cyclic
Application

Cyclic
Application
Deficit

Root:
Shoot dry
mass ratio
(g)

Shoot dry
weight
(g)

Root dry
weight

ΔGI
(cm)

(g)

Root
index
(cm)

Leaf
area
index
(cm2)

Leaf
Count
(#)

Average
root
Rating
(1-5)

Conventional Bark

0.4

0.73

5.1

4.0

15.1

19.3 a

1.0

190

3.1 abc

2.8

Stratified – Fine Bark

0.6

0.62

5.6

3.1

15.2

20.5 a

0.5

164

2.8 bc

3.2

Stratified – Bark:Peat

0.4

0.55

6.3

3.1

16.7

19.0 ab

0.4

149

3.0 bc

2.8

Stratified – Bark:Coir

0.7

0.54

8.2

3.4

23.4

20.4 ab

1.4

283

3.4 abc

3.3

Conventional Bark

0.2

0.54

2.7

1.3

0.33

14.7 b

0.2

31

2.3 c

2.5

Stratified – Fine Bark

0.3

0.43

5.8

2.4

11.3

19.2 ab

0.7

114

3.3 abc

4.0

Stratified – Bark:Peat

0.2

0.53

5.1

2.5

17.5

18.9 ab

0.5

94

3.3 abc

2.6

Stratified – Bark:Coir

0.4

0.47

8.9

3.9

18.3

20.4 a

1.0

190

3.8 ab

3.6

Substrate effect b

-

0.8182

0.0060

0.0342

0.0040

0.2226

0.0852

0.0882

0.0002

0.1039

Irrigation effect

-

0.6027

0.2557

0.1740

0.1442

0.1204

0.0044

0.0011

<0.0001

0.9597

Interaction (SxI)

-

0.7422

0.9956

0.7322

0.5391

0.0082

0.7602

0.9615

0.5282

0.7015

z

Number of alive plants within a substrate treatment divided by 14 (total # of plants per irrigation schedule at initiation of study).
Dry mass of root system ÷ dry mass of shoot system.
x
Shoot dry mass dried at 23.7 ℃ for 6 days.
w
Root dry mass dried at 23.7 ℃ for 6 days.
v
Difference in final growth index – initial growth index.
u
(Deepest rooting depth + width of root system + perpendicular width) / 3.
t
Leaf surface area ÷ surface area of substrate surface.
y
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Average
shoot
rating
(1-5)

s

Leaves counted by hand and the average was calculated.
Rating is a subjective measure from three individuals and the average was calculated.
a
Letters denote detected differences among means of a full factorial including 4 substrates (CTL, FB, BP, and BC) and four irrigations (SA, SD, CA, and CD)
utilizing Tukey’s HSD (α = 0.05).
b
Measures of overall treatment effects utilizing ANOVA analysis utilizing a significance level (α = 0.05).
r
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CD (i.e., every other day), the plants were severely water stressed as the upper portion of the
container dried due to root uptake and evaporative demand (Lobet et al., 2014).
Nevertheless, the decrease in growth within CD was not observed among the stratified
treatments. When FB, BP, and BC received low quantities of water in CD, the crops continued to
grow as normal (Fig. 2.2.D). As shown in (Table 2.1.), reducing bark particle texture to <6.3 mm
and incorporating peat moss and coconut coir to conventional bark increased water retention in
the upper strata. This may suggest that the upper strata in the stratified system was capable of
retaining sufficient water (Mathers et al., 2007) that was available to plant roots and averted
evaporative demand.
Fields et al. (2014b) showed that coconut coir held more water than peat moss at
substrate water potential of -300 hPa and -1.5 MPa. Moreover, Fields (2016) concluded that
coconut coir has a higher unsaturated hydraulic conductivity than peat under drier conditions.
Therefore, even though BP and BC retained greater quantities of water in the upper strata (Table
2.1.), additional water was available to plants in the BC under low water tensions or drying
conditions (as observed in CD). Thereby, reducing the energy required by roots to absorb water
from the drying substrate, allow more water available, and reduced water stress indicators.
Jahromi et al. (2020) showed that increasing percentages of coir to pine bark improved
volumetric water content over the range of easily available water and water buffering capacity (1 to -5 kPa and -5 to -10 kPa, respectively). Especially with 25%, 40%, and 65% coir additions,
substrate amended coir had the greatest water content between all tensions. Additionally, it has
been demonstrated by Jahromi et al. (2020) that coir-amended bark allowed for greater available
water at during high and low moisture contents. This suggests that BC did well in CD because
the coir minimized water stresses under severe water reductions by increasing the availability of
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water remaining in the substrate. Furthermore, under CD, the increase in water content in the
upper strata also seen in FB treatments (fine bark; Table 2.1.) may have allowed FB to sustain
plant roots until the next subsequent irrigation and prevented the upper portion from drying.
Kirda and Knaber (1999) suggests that it is imperative to understand the physiological
water stress of each crop before implementing a deficit irrigation regime. Fereres and Soriano
(2007) stated that irrigating crops below their relative maximum ET rate can negatively affect
crop yields. Therefore, deficit irrigation may be productive only when the crops ET potential is
not compromised. Growers may, however, optimize irrigation efficiency through deficit
irrigation strategies using the stratified system, where it is likely that lower quantities of water
may have been sufficient in hydrating the container system for plant utilization.
Upon final harvest, there was an interaction between substrate and irrigation schedules on
plant growth index (P=0.0141). The plants grown in the conventional bark treatment had the
lowest final growth index in each irrigation schedule, except in SD, where they grew as well as
the other treatments (Fig. 2.2.B). Plant survival rates were also calculated upon harvest. Crop
survival rate was the greatest in SA and the least in CD, while plants grown in BC had the
greatest survival rates and plants grown in CTL experienced the lowest rate of survival (Table
2.2.). Fields (2012) describes plant available water as water being retained by a substrate at
tensions low enough that is accessible for plant uptake. Since the upper portion of a container
often is dryer than the lower half due to gravitational forces (Fonteno, 1989; Milks et al., 1989);
CTL’s low survival rate is attributed to its plant roots not having sufficient quantities of water in
the top portion. Thus, reducing plant available water and resulting in critical water stresses.
There was no detectable substrate (P=0.8182) or irrigation (P=0.6027) effect on R:S.
However, substrate strongly influenced shoot (P=0.0060) and root (P=0.0342) dry weight, where
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BC weighed the most when compared to other substrate treatments in each irrigation schedule
(Table 2.2.). Coconut coir allows increased access to water as substrate water tension decreases
when compared to peat and bark (Asiah et al., 2004; Fields et al., 2017). Additionally, coir can
hold up to nine times its weight in water due to its finer particles (Mason, 2004) and as shown in
(Table 2.1.), amending pine bark with coir at just 25% by volume significantly increases water
retention after drainage. Thus, it is believed that the increased water retention in bark:coir and
are responsible for the increase in mass per unit plant height (Bayer et al., 2013). Additionally,
plants grown in the BC treatment had the greatest final growth index within each irrigation
schedule (Fig. 2.2.A-D). Jahromi et al. (2020) showed that plants grown in coir-amended bark
had an increase in photosynthetic rates, which can explain an increase in crop growth (Fig. 2.2.).
Demonstrated in (Fig. 2.3.), plants grown in BC appears to have the fullest form in SA and CD
among other substrate treatments. Furthermore, Cai et al. (2012) indicated plants that did not
experience water stresses resulted in promoted root growth and exploration. Therefore, since BC
plants were less affected by abiotic stresses, this was further confirmation of the increased
growth among the substrate treatment (Fig. 2.2.A-D).
Substrate influenced ΔGI (P=0.0040), where BC had the greatest difference among the
other substrate treatments in each irrigation schedule (Table 2.2.). These results were similar to
Fields (2016), where ΔGI was greater in bark amended with coconut coir when compared to fine
bark (<4.0 mm), and bark amended with peat moss. There was a strong interaction between
substrate and irrigation (P=0.0082) on root index. In CD, the root growth in CTL was probably
inhibited (14.7 cm; Table 2.2.) due to water stresses (Cai et al., 2012), whereas the roots in BC
were likely promoted (20.4 cm; Table 2.2.) due to increased hydraulic conductivity yielding
more water availability in coir (Fields et al., 2017). Root growth of CTL in SD was similar to BC
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root growth in CD (Table 2.2.). This is possibly due to CTL’s roots were stressed enough to
promote root growth, but at a significant effect to reduce root growth as observed in CD (Table
2.2.). As illustrated in (Fig. 2.3.), unlike the stratified treatments that do not appear to have
severe water deficit impacts, plants grown in CTL under CD irrigation had poor quality growth
with a diminutive shoot canopy.
There was a strong irrigation effect on LAI and leaf count (P=0.0044 and P=0.0011,
respectively); however, there were no detectable differences of LAI and leaf count among the
substrate treatments across irrigation schedules (Table 2.2.). Water stresses have been shown to
increase leaf abscission (Gu et al., 2007) and decrease leaf area (Graves et al., 2002) due to the
inhibition of cell division and elongation, leaf curl, and death (Blum, 1996). The authors
predicted in SA, there would be more water available for leaf growth which would result in
increased leaf count and area; however, these results were not observed (Table 2.2.).
Nevertheless, it did appear that plants grown in FB and BC had the most inclusive growth under
SA (Fig. 2.3.). There was a strong substrate (P=0.0002) and irrigation (P<0.0001) effect on
subjective shoot quality ratings. The BC treatment received the greatest quality rating and was
statistically different in SA among the substrate treatments. Whereas CTL received the poorest
quality ratings in CD (Table 2.2; Fig 2.2). There were no detectable effects on subjective root
quality ratings from substrate (P=0.1039) or irrigation (P=0.9597). Substrate stratification
enhanced crop growth (Fig. 2.2.; Fig. 2.3.), facilitated transplant shock for young plants,
especially during hot environmental conditions, and was capable to maintain plant growth when
water inputs were reduced.
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Figure 2.3. Representative photos of Loropetalum chinensis ‘Ruby’ shoots upon harvest.

60

2.3.3. Nutrition Analysis
Substrate fertility was analyzed via a pour-through analysis (Fig. 2.4.). The authors
hypothesized that stratified substrates would retain more nutrients in the upper strata, available
for nearby root utilization, and therefore would increase nutrient foliar percentages and decrease
nutrient concentrations within container leachate. However, it was not observed that stratified
substrates discernably reduced nutrient enriched leachate concentrations relative to conventional
bark.
Substrate and irrigation schedule had a strong effect on leachate pH (P=0.0127 and
P=0.0192, respectively). Pine bark is inherently low in pH due to several factors such as organic
acids like acetic, formic, and oxalic acids and polyphenols within bark, the harvesting process
(i.e., anerobic and microbial decomposition), season of harvest, and types of tree species
(Jackson, 2020). Therefore, liming the bark was required. There is an increase in pH across all
substrate treatments from 9 DAI to 41 DAI due to lime activation raising substrate pH levels
(Altland and Jeong, 2016; Fig. 2.4.A-D).
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Figure 2.4. Pore-water fertility (pH and EC).
There were detectable substrate (P=0.0192) and irrigation (P=0.0127) effects on pourthrough pH. Most stratified substrates had lower pH values than CTL in SA, SD, and CA, with
exception of BC, which had the greatest pH in CD, when compared to other substrate treatments
(Fig. 2.4.A-D). This is likely due to coir’s generally greater pH than peat moss (Evans et al.,
1996). These results are similar to Kingston et al. (2017), where crops grown in coir had a higher
leachate pH than crops grown in peat. However, it was predicted to see higher pH levels in CTL
than the stratified treatments. Since there is more surface area in bark fines and in peat moss and
coconut coir relative to conventional bark, more lime would therefore be required to cover the
increased exchange sites (Raviv and Lieth, 2008). This can be especially seen in FB, where the
treatment had a lower pH in SA and CA when compared to other substrate treatments and had a
lower pH than CTL in all irrigation schedules (Fig. 2.4.A-D). Pancerz and Altland (2020)
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showed pH buffering capacity increased as particle size decreased. Additionally, Altland et al.
(2014) showed that cation exchange capacity (CEC) increases as particle size decreases. As CEC
increases, the substrates pH buffering capacity is also influenced (Altland et al., 2014).
Therefore, CTL had greater proportions of extra-large particles (Table 2.1.) may have decreased
its pH buffer and resulted in higher pH levels.
There was no detectable substrate (P=0.8458) or irrigation (P=0.0560) effect on pourthrough EC measurements (Fig. 2.4.E-H) over the course of the study. Additionally, bark
amended with peat or coir has been shown to reduce EC pour-through levels compared to
traditional bark due to peat and coir’s increased CEC (Kingston et al., 2017). The integration of
peat and coir to traditional bark and fractioning bark particles <6.3 mm increases CC (Table
2.1.). The increased water retention in the upper strata of the stratified substrates likely reduced
preferential flow. Thus, the CTL likely experienced more preferential flow leading to excess
water and nutrient leaching (Hoskins et al., 2014a). Furthermore, Fields et al. (2014) showed that
bark has only approx. 20% of the easily available water that exists in peat and coir. Increased
CEC sites from finer bark particles and peat/coir additions in the upper strata, in concert with
more accessible water (Table 2.1.) suggests that stratified substrates can reduce leaching of
excess nutrients and allows for more available nutrient root uptake and utilization.
Nitrogen, phosphorus, and potassium (N, P, and K, respectively) are the three nutrients
required in the greatest concentrations for plant growth and development (Mason, 2004). It was
predicted that there would be a reduction in foliar percentages in SA because greater quantities
of water can readily leach nutrients that are not strongly held by substrate particles (Nzokou and
Cregg, 2010). It was also hypothesized that CTL would have lower percentages of
macronutrients in its foliar analysis due to its reduced growth and would thus have lower
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requirements for nutrient uptake (Nzokou and Cregg, 2010). However, no differences were
observed among substrate treatments (Table 2.3.). Intriguingly, peat and coir have been known to
improve root nutrient uptake when compared to traditional bark (Kingston et al., 2017); however,
the foliar analysis showed no differences among substrate and irrigation treatments in foliar N%
and P% (Table 2.3.). Lower crop growth as observed in CTL (Fig. 2.2.A, C-D) can account for a
reduced demand of nutrient requirements (Nzokou and Cregg, 2010), but there were no observed
differences in CTL among foliar macro and micronutrients (Table 2.3.). Substrate stratification
may improve nutrient efficiency and utilization in the upper portion of the container due to fine
barks (Altland et al., 2014), peat and, coir’s high CEC relative to traditional bark (Raviv and
Lieth, 2008). Thus, it is warranted that more research focused solely on mineral nutrition within
stratified substrates comprised of different components is needed. Substrate (P=0.0902) and
irrigation (P=0.1308) had no effect on P% (Table 2.3.). However, these results contrast Kingston
et al. (2017), where increasing percentages of peat improved P and K uptake compared to coir.
Irrigation had a strong effect on foliar K% (P=0.0004; Table 2.3.). Coconut coir has been
documented to contain high percentages of K (Evans et al., 1996) which may result in an
increase in K uptake due to nutrient abundance. Though, no discernable differences were
observed in foliar K% in BC (Table 2.3.). There was a strong interaction between substrate and
irrigation schedule (P=0.0118) in sulfur (S) uptake (Table 2.3.). However, K and S are partially
and fully mobile mineral nutrients, respectively, and therefore should not be strongly impacted
by CEC as readily as others (Brady and Weil, 1996). Irrigation had a strong effect on Calcium
(Ca) concentration (P=0.0004; Table 2.3.). Nzokou and Cregg (2010) showed that there is
greater Ca uptake in crops as more water is available to plant roots. Calcium is very influential
for plant
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Table 2.3. Foliar Nutrition
Irrigation Schedule

N

P

K

S

Ca

Mg

Fe

(%) z

(%)

(%)

(%)

(%)

(%)

(ppm) y

Conventional bark

3.41

0.35

1.37 ab a

0.40 ab

1.12 ab

0.10

84.16

Stratified – Fine bark

3.91

0.40

1.70 ab

0.48 ab

1.29 a

0.10

95.10

Stratified – Bark:Peat

3.93

0.49

1.63 ab

0.49 ab

1.18 ab

0.11

83.92

Stratified – Bark:Coir

3.93

0.48

1.78 ab

0.47 ab

1.19 ab

0.12

80.07

Single Application

Conventional bark

3.51

0.42

1.61 ab

0.50 ab

1.18 ab

0.09

86.52

Deficit

Stratified – Fine bark

3.49

0.45

1.69 ab

0.43 ab

1.20 ab

0.11

77.96

Stratified – Bark:Peat

3.93

0.49

1.89 a

0.47 ab

1.15 ab

0.11

88.97

Stratified – Bark:Coir

4.02

0.52

1.70 ab

0.50 ab

1.28 ab

0.11

76.57

Conventional bark

3.31

0.33

1.38 ab

0.42 ab

1.05 ab

0.09

82.51

Stratified – Fine bark

3.65

0.45

1.42 ab

0.45 ab

1.00 ab

0.10

127.12

Stratified – Bark:Peat

3.83

0.41

1.41 ab

0.50 ab

1.00 ab

0.10

100.04

Stratified – Bark:Coir

3.46

0.36

1.23 b

0.39 b

0.91 b

0.10

88.88

Single Application

Cyclic Application

Substrate
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Irrigation Schedule

Substrate

N

P

K

S

Ca

Mg

Fe

(%)

(%)

(%)

(%)

(%)

(%)

(ppm)

Cyclic Application

Conventional bark

3.25

0.39

1.72 ab

0.44 ab

1.00 ab

0.11

89.35

Deficit

Stratified – Fine bark

3.51

0.36

1.62 ab

0.42 ab

1.02 ab

0.11

113.80

Stratified – Bark:Peat

3.65

0.42

1.49 ab

0.45 ab

1.13 ab

0.09

104.02

Stratified – Bark:Coir

3.88

0.48

1.59 ab

0.52 a

1.07 ab

0.10

107.77

Substrate effect b

0.0107

0.0902

0.7432

0.0979

0.8668

0.2462

0.1972

Irrigation effect

0.2195

0.1308

0.0004

0.2072

0.0004

0.2522

0.0656

Interaction effect (SxI)

0.6377

0.6107

0.3047

0.0118

0.5389

0.5384

0.6506

z

Foliar macronutrient concentration measured as a percentage.
Foliar micronutrient concentration measured in parts per million (PPM).
a
Letters denote detected differences among means of a full factorial including 4 substrates (CTL, FB, BP, and BC) and four
irrigations (SA, SD, CA, and CD) utilizing Tukey’s HSD (α = 0.05). Values with no letters denote no significant difference.
y

b

Measures of overall treatment effects utilizing ANOVA analysis utilizing a significance level (α = 0.05).
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tolerance of abiotic stressors such as drought, regulate stomatal closures, and facilitate in other
physiological functions (Gómez-Pérez et al., 2014). Deficiencies in calcium in woody plants
have been shown to lead to a reduction in cambial activity and vessel size (Fromm, 2010).
Uniquely, BC had the lowest percentages of foliar Ca in CA (0.91%) and FB had the greatest in
SA (1.29%; Table 2.3.). However, there were no observations in a reduction of growth in CA
among BC treatments (Fig. 2.2.C). There was no substrate (P=0.2462) or irrigation (P=0.2522)
effect on magnesium (Mg; Table 2.3.). Iron (Fe) was used as a representative foliar
micronutrient. There were no significant differences among substrate and irrigation treatments in
foliar Fe concentrations.
Hoskins et al. (2014b) states that dry substrate in the upper portion of the container can
lead to preferential flow and channeling, creating a non-uniform hydraulic gradient. Preferential
flow and channeling may lead to a quick escape of nutrients. Thus, nutrient deficiencies may
occur, and environmental contamination becomes prevalent (Taylor et al., 2013). It was
hypothesized that in CTL, there would be more concentrated nutrient enriched leachate due to
larger pores in the upper strata than in stratified system, resulting in channeling, but little
differences were observed. There was a strong substrate (P=0.0140) effect on nitrate leachate
concentrations in the initial collection (Table 2.4.). In the second leachate collection, CTL had a
significantly greater nitrate concentration than the first collection (~3x). This is likely indicative
of controlled-release fertilizer releasing greater proportions of nutrients over time (Avent, 2003).
Fare et al. (1992) demonstrated that cyclic irrigation scheduling has the ability to reduce nitratenitrogen concentrations in leachate. Zinati (2008) showed that three irrigations daily have
potential to reduce nitrate leachate by 3x and orthophosphates by 2x. The substrate treatment BP
had the greatest phosphate concentration leachate under CA in July and conversely, the least
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Table 2.4. Leachate Nutrient Analysis
Nitrate
(ppm) 6x
Total z

Ammonium
(ppm)

Phosphate
(ppm)

Potassium
(ppm)

Sulfate
(ppm)

Calcium
(ppm)

Magnesium
(ppm)

July y

Irrigation

Substrate

Single Application

Conventional Bark

127.97 b a

7.25

21.43 c

33.51

39.70 ab

32.53 bc

5.60 ab

Stratified – Fine Bark

203.19 ab

14.04

28.16 bc

41.94

51.76 ab

39.63 abc

8.00 ab

Stratified – Bark:Peat

172.32 ab

13.87

29.62 bc

41.18

46.47 ab

37.55 ab

7.17 ab

Stratified – Bark:Coir

161.72 ab

7.70

26.53 bc

51.71

40.03 ab

28.27 c

5.78 ab

Conventional Bark

146.46 b

10.75

31.74 bc

48.76

41.79 ab

39.28 abc

6.91 ab

Stratified – Fine Bark

260.98 ab

19.41

41.38 ab

61.17

63.26 ab

48.76 abc

9.20 a

Stratified – Bark:Peat

241.55 ab

32.15

63.55 a

60.51

52.75 ab

43.08 abc

8.52 ab

Stratified – Bark:Coir

157.00 ab

5.30

33.00 bc

72.11

34.14 b

31.95 bc

6.76 ab

Substrate effect (S) d

-

0.0140

0.0137

<0.0001

0.0046

0.0014

0.0498

0.0310

Irrigation effect (I)

-

0.1393

0.0830

<0.0001

<0.0001

0.1245

0.1071

0.0905

Interaction (SxI)

-

0.6625

0.2923

0.0035

0.9626

0.2324

0.9566

0.9976

Cyclic Application

October
Single Application

Conventional Bark

330.33 a

12.36

28.21 bc

57.82

66.45 a

59.18 ab

7.13 ab

Stratified – Fine Bark

216.35 ab

20.66

23.70 c

47.45

52.46 a

29.30 bc

6.05 ab
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Irrigation

Cyclic Application

Substrate

Nitrate
(ppm) 6x
Total

Ammonium
(ppm)

Phosphate
(ppm)

Potassium
(ppm)

Sulfate
(ppm)

Calcium
(ppm)

Magnesium
(ppm)

Stratified – Bark:Peat

247.21 ab

23.19

30.79 bc

58.34

61.62 a

43.76 abc

5.67 ab

Stratified – Bark:Coir

183.61 ab

12.48

23.41 c

46.80

48.32 a

28.58 bc

4.49 ab

Conventional Bark

296.98 ab

19.25

35.02 bc

72.23

74.39 a

71.04 a

9.37 a

Stratified – Fine Bark

249.24 ab

22.29

30.76 bc

57.11

63.97 ab

44.56 abc

3.16 b

Stratified – Bark:Peat

225.17 ab

14.58

22.09 c

48.08

44.53 ab

41.85 abc

4.51 ab

Stratified – Bark:Coir

236.38 ab

14.70

30.13 bc

62.63

57.71 ab

45.95 abc

7.74 ab

Substrate effect (S)

-

0.0692

0.1667

0.5157

0.4784

0.1245

0.0020

0.0451

Irrigation effect (I)

-

0.4029

0.8387

0.2924

0.2598

0.6164

0.0615

0.0658

Interaction (SxI)

-

0.8169

0.2212

0.1444

0.4723

0.2867

0.6165

0.3804

z

Leachate nutrient concentration measured in parts per million (PPM).
Month of collection.
a
Letters denote detected differences among means of a full factorial including from four substrates (CTL, FB, BP, and BC) and four
irrigations (SA, SD, CA, and CD) utilizing Tukey’s HSD (α = 0.05) during two difference months. Values with no letters denote no
significant difference.
b
Measures of overall treatment effects per collected month utilizing ANOVA analysis utilizing a significance level (α = 0.05).
y
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phosphate concentrated leachate in October, parallel to Zinati (2008) results (Table 2.4.).
Substrate had a strong effect (P=0.0137) on ammonium concentrations in the first collection
where there were no discernable differences at the end of the study (Table 2.4.). Phosphate was
significantly affected by substrate (P<0.0001) and irrigation (P<0.0001) at the beginning of the
study, whereas at the end, there were no differences or effects (Table 2.4.).
Substrate and irrigation affected potassium leachate concentration (P=0.0046 and
P<0.0001, respectively; Table 2.4.) in the initial collection. It was predicted that BC treatments
would release greater quantities of potassium as it has been by shown by Evans et al. (1996) that
coconut coir often contains high percentages of K. Bark:coir treatments had the greatest
percentages of K (Table 2.4.) at the beginning of the study. This is likely due to recurrent
irrigations continuously leached K from the coir materials over the course of the study. Substrate
had an effect on Ca leachate concentrations from the first and second collection dates (P=0.0498
and P=0.0020, respectively; Table 2.4.). Substrate had an effect within the first and second
collection (P=0.0310 and P=0.0451, respectively) of magnesium leachate concentrations.
2.3.4. Microbial Communities
Proportions of long-term microbial communities were illustrated in (Fig. 2.5.). Microbial
activities are imperative for pine bark composting processes (Davis et al., 1992). Microbial
activity aids in the degradation and break down of readily available carbon stored within pine
bark. This degradation has been shown to stabilize pine bark’s physical and chemical properties
to be effectively used as southern nurseries primary soilless substrate (Buamscha et al., 2008).
Considering many soilless substrates are high in organic material, hold sufficient quantities of
water, and experiences high heat within the container (Harris, 1967) during the growing season,
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it creates a suitable environment for microbial activity (Whitcomb, 1984). It is generally viewed
that the cut-off point of immobilization/mobilization of organic
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Table 2.5. Relative abundance of microbial communities quantified by fatty acid methyl ester analysis (FAMEs) utilizing gas chromatography.
Irrigation

Substrate/Strata

Actinomycetes
(mol %) z

Arbuscular
Mycorrhizae

Fungi
(mol %)

(mol %)

Single Application

Cyclic Application

Gram (+)
Positive

(mol %)

(mol %)

Protozoa

Eukaryotes

(mol %)

(mol %)

Conventional Bark: Top

1.20 abca

0.69

17.48

5.52

11.57

0.51

11.13

Conventional Bark: Bottom

0.90 abc

0.81

19.10

6.33

10.91

0.51

11.30

Stratified- Fine Bark: Top

0.43 c

0.64

21.41

6.34

9.44

0.49

11.81

Stratified - Fine Bark: Bottom

0.68 bc

0.63

19.53

6.03

9.19

1.86

12.79

Stratified - Bark:Peat: Top

1.17 abc

0.94

19.91

5.71

10.41

0.60

11.46

Stratified - Bark:Peat: Bottom

1.20 abc

0.82

19.11

5.98

9.45

0.54

13.30

Stratified - Bark:Coir: Top

1.32 abc

0.86

18.60

6.28

10.03

0.65

13.62

Stratified - Bark:Coir: Bottom

1.28 abc

0.52

18.62

5.91

8.72

0.45

13.58

Conventional Bark: Top

1.50 abc

0.94

18.36

5.52

10.62

0.40

12.17

Conventional Bark: Bottom

2.18 ab

1.02

19.55

5.87

11.18

0.83

11.61

Stratified - Fine Bark: Top

0.74 abc

0.72

22.50

5.78

8.45

0.48

13.16

Stratified - Fine Bark: Bottom

1.77 abc

0.77

19.31

6.28

11.96

0.58

10.60

Stratified - Bark:Peat: Top

2.29 a

0.54

18.10

5.39

10.44

0.67

11.83

Stratified - Bark:Peat: Bottom

1.73 ab

0.76

18.12

5.72

10.16

0.55

12.47
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Gram (-)
Negative

Irrigation

Substrate/Strata

Actinomycetes
(mol %) z

Arbuscular
Mycorrhizae

Fungi
(mol %)

(mol %)

Gram (-)
Negative

Gram (+)
Positive

(mol %)

(mol %)

Protozoa

Eukaryotes

(mol %)

(mol %)

Stratified - Bark:Coir: Top

0.82 abc

1.01

20.39

6.01

9.63

0.58

11.46

Stratified - Bark:Coir: Bottom

1.11 abc

1.30

19.71

5.64

10.40

0.64

12.44

Substrate (S)

0.0152 b

0.3536

0.2356

0.5057

0.5295

0.5295

0.6267

Irrigation (I)

0.0019

0.2932

0.8116

0.1357

0.3773

0.3773

0.4719

Interaction (SxI)

0.0764

0.1063

0.7175

0.9782

0.7123

0.7123

0.3866

a

Letters denote detected differences among means of a full factorial including from four substrates (CTL, FB, BP, and BC) and
two irrigations (SA and CA) utilizing Tukey’s HSD (α = 0.05) approximately 120 DAI. Values with no letters denote no
significant difference.
b
Measures of overall treatment effects utilizing ANOVA analysis utilizing a significance level (α = 0.05).
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matter is a C:N ratio of 25-30:1. Due to pine barks relatively high C:N ratio, much of the
ammonium and nitrate can be immobilized during decomposition. Since there is a large quantity
of degradable carbon, microbes will decompose the pine bark quickly and will need
supplemental nutrients, most often nitrogen (Jackson et al., 2009c).
The authors hypothesized there would be an abundance of microbial communities across
substrate treatments due to high proportions of bark and organic amendments. The interaction
between substrate and irrigation (P=0.0080; Fig. 2.5.A-C) and between substrate versus strata
layer (P=0.0010; Fig. 2.5.D-F) had an effect on microbial proportions. It was hypothesized there
would be strong differences in BP samples because sphagnum mosses are relied upon by
microbial activities to assist in the degradation of peat bogs (Tian et al., 2019). The result herein
showed that the upper strata in BP under cyclic irrigation had the greatest percentages of
actinomycetes whereas the top strata of FB under single application contained the fewest (Table
2.5.; Fig 2.5.B).
There were greater proportions of actinomycetes in BP under cyclic application (Fig.
2.5.F) where BP had the greatest variation among other treatments. Possibly, increased quantities
of water in concert with peat moss specifically allowed for suitable habitats for microbial
growth. However, further research should be conducted. The unique substrate amendment (i.e.,
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Figure 2.5. Relative abundance microbial interaction ordination plots of distance‐based analysis
derived from fatty acid profiles.

There were no observable differences among the remainder of microbial communities
(arbuscular mycorrhizae, fungi, gram negative, gram positive, protozoa, and eukaryotes) across
substrate treatments within irrigation schedules (Table 2.5.; Fig. 2.5.). There appears to be no
noticeable separations among substrate treatments (Fig. 2.5.B-C, E-F). This may be likely due to
common pine bark processing procedures (i.e., composting/ageing). Many processors age pine
bark to stabilize the material from microbial degradation. Fresh bark decomposes much quicker
than aged bark (Fields, 2012) and will generally stabilize after six months of ageing (Kaderabek,
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2017). Aging bark to a stabilized stage suggests a decrease in nitrogen and carbon depletion, as
well as a decreased in microbial degradation. The increases proportions of stabilized, aged bark
(FB and CTL) may account for little differences in variation among substrate treatments apart
from BP.
2.4. Conclusion
Traditional bark-based substrates such as pine bark tend to have low water holding
capabilities which can lead to non-uniform rewetting patterns and inefficient usage of water
resources. Engineering the substrates water dynamics to reallocate water retention and maximize
aeration within the container may lead to improved water resource efficiencies. Substrate
stratification encompasses numerous benefits that can be deemed favorable to the nursery
industry.
The results herein have demonstrated that fractioning pine bark particles smaller or larger
than 6.3 mm influenced substrate water retention and release properties. Incorporating the
substrate amendments peat moss and coconut coir significantly increased CC and reduced AS.
Stratified substrates have demonstrated that crop quality and growth can be enhanced by
allowing more available water to plant roots in the upper strata. The traditional soilless substrate
commonly used by plant nurseries was incapable of maintaining adequate substrate moisture for
plant roots until the next subsequent irrigation which resulted in severe water stresses and death.
Plant shoot quality was enhanced by substrate stratification relative to plants grown in
conventional systems, except in SD, where there were no discernable differences from CTL.
There were no observed differences in root:shoot dry weight, ΔGI, and LAI. Root growth was
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strongly influenced by a substrate and irrigation interaction, where there were discernible
differences among substrate treatments across irrigation schedules.
There were little differences observed in microbial communities across substrate
treatments with exception of BP, which contained greater proportions of actinomycetes. The
results show that with the stratified system, water sensitive crops such as the Loropetalum can be
rescued under drought conditions during the fragile establishment period, when compared to
using traditional pine bark.
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3. INVESTIGATING SUBSTRATE STRATIFICATION WATER
DYNAMICS AND SUBSEQUENT WATER STATUS BETWEEN
IRRIGATION EVENTS
3.1. Introduction
Agricultural water consumption continues to rise with increasing agricultural production
(Fraiture and Wichelns, 2009). The horticultural and nursery industry have generated a
substantial proportion in annual sales ($18.3 billion) and these sales have increased $2.8 billion
since 2009 (Census of Agriculture, 2020). This upsurge in sales will require the industry to
expand production, which necessitates increasing water withdrawal rates to sustain the
production needs of this growing industry (Morison et al., 2008).
Well over half of US nursery crops produced are grown within the container (Fields,
2016) and the industry primarily uses soilless substrates as their principal growing media (Raviv
and Lieth, 2008). Pine bark, the most utilized soilless substrate within the eastern United States
(Jackson, 2009a), has been well documented (Airhart et al., 1978; Pokorny, 1979; Beardsell et
al., 1979; Handreck, 1983; Naasz et al., 2009; Fields et al., 2013; Altland and Jeong, 2016; Fields
et al., 2017a; Fields et al., 2017b; Fields et al., 2018; Jahromi et al., 2020). Hydrophysical
properties of pine bark allow for suitable characteristics for containerized ornamental crop
production in southern nurseries (Pokorny, 1979). Specifically, a pine bark substrate releases
water readily (Fields et al., 2013) and provides adequate aeration, suitable for plant growth
(Wilkerson, 1981). Consequently, these static and transient physical properties result in unideal
water gradients. The limited capacity and moisture gradient require continuous reapplications of
irrigation
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(Tyler et al., 1996); more so for young transplants that are shallow roots and unable to utilize the
container volume. Thus, prompting nurseries to irrigate more frequently to prevent under
watering crops (Mathers et al., 2005; Chappell et al., 2012).
Water use continues to be scrutinized as water reserves remains limited in the western
U.S. (Howitt et al., 2014) and water regulations and restrictions become increasingly common
across the country (Beeson et al., 2004; Fulcher et al., 2016). Fulcher et al. (2016) predicts that
future agricultural systems will be required to increase their crop yield while applying less or
lower quality water. The solution to increase crop yield while imposing a reduction in water
remains a difficult challenge. Many have estimated that approximately 70% of all freshwater
withdrawals are used for agricultural production (Kenny et al., 2005; Calzadilla et al., 2010;
United Nations, 2011) and has increased to 80% in 2019 (United States Department of
Agriculture, 2019). Additionally, containerized nurseries can contribute a substantial proportion
of the overall water consumption in traditional production practices, using an upwards of 177
m3/hectare/day watering their crops (Fulcher and Fernandez, 2013a). Improvement of irrigation
management can be result in cost reduction (decreasing energy, fertilizer, and labor), can
possibly speed production time (increase in harvest by reducing plant mortality rates;
Lichtenberg et al., 2013), and reduce water consumption (Bayer et al., 2015; Million and Yeager,
2015). Excessive or insufficient water applications can lead to losses in resources (water and
fertilizer) and limit the potential of maximum plant growth and quality, and sales profitability.
Often, nurseries will over apply or inadequately irrigate containerized crops as opposed to
applying the correct amount of irrigation to meet the requirement of the crop (Grant and Davies,
2009).
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To mitigate inefficient irrigation management, nurseries may employ a variety of
irrigation scheduling strategies in attempt minimize these consequences without compromising
crop growth. Nurseries irrigate their crops via scheduled clocks or manually by employees (van
Iersel et al., 2013), typically once per day (single application; Beeson and Haydu, 1995). This
enables growers to meet production goals at similar dates while decreasing labor cost (Lieth and
Oki, 2008). However, single application scheduling has been shown to induce water stress to
crops whereas more frequent irrigations decreased water stresses (Scagel et al., 2014).
Interestingly, Beeson (2004) suggested that substrate surface evaporation decreases as irrigation
application frequencies decreases, thus, promoting deeper root growth. However, the substrate’s
ability to effectively retain infiltrating water may not only be hindered by irrigating once per day,
but also the available water may be inadequate to sustain plant growth the entire day when
evapotranspiration (ET) rates are high of well-established crops (Raviv and Lieth, 2008).
Conversely, cyclic application has shown potential to enhance plant growth (Ismail et al.,
2007; Ruter, 1998; Taylor et al., 2013; Witcher, 2003), reduce overall water use (Lamack and
Niemiera, 1993; Tyler et al., 1996; Yeary et al., 2016), and reduce runoff (Briggs et al., 1998).
The goal of cyclic irrigation is to irrigate the crops more shallow and frequent irrigations to
incrementally provide a portion of the total daily volume of water, while continually replacing
the loss of water via ET (Lamack and Niemiera, 1993). The total quantity of water is fractionated
and applied over several daily applications (Bilderback et al., 2013). There are a multitude of
possible benefits to this schedule such as decreasing midday water limitations (Talyor et al.,
2013), maintaining greater moisture contents with each subsequent irrigation, allowing the
following irrigation easier infiltration and wetting, continuous diffusion of mineral nutrients from
controlled release fertilizer, and a possible decrease in preferential flow from dry pockets (Owen
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et. al., 2016). Strategic irrigation scheduling paired with unique substrate management
techniques may allow more efficient water use in container nurseries.
Innovative substrate management strategies may lead the nursery industry to more water
efficient production practices for containerized crops. Substrate stratification is an emerging
substrate management strategy that has been shown to benefit nursery production. Fields et al.
(2021) showed the substrate profile could be engineered to conserve water, improve plant growth
within the first year of establishment and decrease fertilizer load by 20% when engineering the
upper strata to retain water (i.e., fine particles/fibrous materials). Furthermore, Chapter 2 (2021)
indicated that crop quality was enhanced in both water deficit and standard irrigation schedules
when a coir-amended bark was used in the upper strata when compared to conventionally grown
crops (i.e., pine bark filled uniformly throughout the container). Moreover, Marble and Khamare
(2020) reduced weed germination percentages by maintaining a dry upper stratum through
repositioning coarse particles in the top stratified layer.
Fields et al. (2014) stated that the substrates hydrophysical properties can be influenced
by the barks form, geometry, and relative surface area. The ratio of bark particle sizes and their
relative abundance, as well as pore size, will determine the aeration, drainage, and water
retention capabilities of the substrate (Wilkerson, 1981). Bark substrates often have high
percentages of air-filled porosity due to larger particles (Raviv and Lieth, 2008), which results in
greater proportions of macropores. Bennie (1991) stated that the continuity of macropores in soil
is significantly advantageous to root growth due to maximized aeration and decreased root
penetration restrictions. Therefore, soilless substrates such as pine bark, which are inherently
porous and contain larger proportions of macropores when compared to other soilless substrates
(i.e., peat and coir), may also provide favorable conditions for root exploration. However,
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soilless substrates total porosity is generally 0.50-0.85 cm3 cm-3 within a volume basis and
primarily limited by the container or vessel used to produce the individual crop. Nevertheless,
greater air space (AS) often results in a decreasing and potentially suboptimal water holding
capabilities (Hansen et al., 2004). The quantity of large, non-capillary pores is increased in the
presence of coarse particles, which increases the amount of air occupied pores after all
gravitation drainage has occurred (Mathers et al., 2007). Container capacity (CC) and water
retention can be increased while air space can be reduced when fine particles are present (Altland
et al., 2018). Fine particles increase the percentage of smaller diameter pores, capillary pores and
micropores, where water flux is restricted relative to large diameter pores (Fields, 2016).
Additionally, fine particles often nest within larger pores, restricting air-filled porosity and
increasing CC (Altland et al., 2018).
It is critical for scientists and growers to develop a better comprehension of substrate
hydrophysical properties and water kinetics (Michel, 2009). Previous research has focused on
substrate static (i.e., AS, CC, and TP) physical properties; however, as modern-day challenges
continue to develop, more insightful studies are necessary (Fields, 2016) to better inform
production practices, not just select substrate components and resulting blends. Innovative
techniques and expansion upon current substrate management strategies will allow for
maximized water use efficiencies and open new routes of research to ensure the success and
sustainability for future horticultural systems (Caron et al., 2014). Furthermore, relatively
minimal research has documented the water dynamics within soilless substrate profiles.
Advancing technological developments has enabled researchers to utilize instruments
such as tensiometers and soil moisture probes to monitor substrate water status within the
container (Bacci et al., 2003; Daniels et al., 2012; Ganjegunte et al., 2011; Montesano et al.,
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2015; Testezlaf et al., 1999; Lloyd et al., 2006; Belayneh et al., 2014; Incrocci et al., 2014).
Tensiometers are effective, valuable, and ‘user friendly’ (Stirzaker, 2005) instruments and most
commonly used to detect substrate moisture status and water potentials. Daniels et al. (2012)
stated that modern technology allows for instantaneous calculations for more precise tension
readings in real-time scenarios. Wallach (2008) placed two tensiometers in the upper and lower
half of a container filled with perlite under ‘wet’ and ‘dry’ (higher and lower, respectively,
weight thresholds) conditions. It was observed that additional irrigations (wet) increased matric
potentials (less negative) in the upper portion of the container. Therefore, it is warranted to
determine how tension fluctuations within the stratified system are influenced due to the twofold difference in soilless substrate air/water ratios (i.e., upper and lower strata) when compared
to a uniformly filled container under single or multiple irrigation applications.
Soil moisture sensors are effective in maintaining high precision readings (Qinglan,
2020). Many soil moisture sensors measure the dielectric permittivity to calculate the volumetric
water content (θ; Sample et al., 2016). The changes in the permittivity of water will correspond
to the changes in water content. The dielectric constant for air, solid particles, and water has been
identified (~1, ~5, ~80, respectively; Hillel, 2004; Wallach, 2008). Moreover, volumetric
moisture sensors are increasingly being studied to develop a better comprehension of
containerized media and how it can be influenced through soilless substrate hydrophysical
properties and root interactions (Hanson et al., 2004; Daniels et al., 2012; Bauerle et al., 2013).
Coupling of tensiometers and volumetric water content sensors to understand substrate hydraulic
properties to assess substrate water dynamics can be furthered with modeling platforms such as
HYDRUS-1D (Simunek et al., 1997; Anlauf and Rehrmann, 2012; Fields et al., 2017b).
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The fundamental objective of this study is to determine how substrate water dynamics is
influenced by the stratified system between alternative irrigation scheduling methods. This
objective is accomplished by 1) monitoring substrate tension and moisture status fluxes between
irrigation events in alternative irrigation schedules, and 2) comparing in situ moisture status with
predictions based on numerical models. The authors hypothesize that 1) cyclic irrigation cycles
will support more efficient water cycles in stratified substrate systems, which may support more
efficient resource use for crop growth and 2) stratified substrate systems will limit the upper
proportion of the substrate profile from reaching low water potentials when compared to
conventional systems.
3.2. Materials and Methods
3.2.1. Substrate Preparation
Preparation for the experiment took place at the LSU AgCenter Hammond Research
Station, Hammond, LA, USA. The pine bark utilized in this study was sourced regionally
(Phillips Bark Processing Co.; Brookhaven, MS, U.S.) and was amended with dolomitic lime
(Lime-Rite Pelletized Dolomitic Lime, Roswell, GA, U.S.) and micronutrients (Micromax
G90505; ICL Specialty Fertilizer, Dublin, OH, U.S.) at rates of 1.77 kg/m3 and 0.89 kg/m3,
respectively. The bark was then blended by re-piling six times allowing for a uniform mix.
Subsequently, the bark was fractioned via passing through a continuous flow screen
(Gilson Company Inc., Lewis Center, OH, U.S.) set to 569 revolutions per minute fixed with a
6.3 mm aperture screen on a 5° incline slope to create two unique substrates. Bark particles were
passed through the screen at a rate of 0.012 m3/min. The bark particles that passed through the
screen (fines) and that were by-passed (coarse) were accumulated in two receptacles. Every 10
min, the screened was cleaned from debris. The fractionated bark was split by a 3:5 ratio of
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fines/coarse by vol. This process was continued until at least 0.14 m3 of fine particles (<6.3 mm)
particles, 0.14 m3 coarse particles (>6.3 mm) were collected. Additionally, 0.14 m3 of
unscreened pine bark (control) was collected.
3.2.2. Physical Properties
Air space, CC, total porosity (TP), and bulk density (Db) of each of the three substrates
were measured via porometer analysis as described by Fonteno and Harden (2010) while
evaluating three replicates of each substrate. Additionally, each substrate was analyzed for its
particle size distribution by sifting three, 100 g dry replicates through a column of sieves.
Wherein, the samples were agitated for five min. using a Ro-Tap shaker (Rx-29; W.S. Tyler,
Mentor, OH, U.S.) until particle passage was obstructed due to aperture blockage. The Ro-Tap
shaker was equipped with 6.30, 2.00, 0.71, 0.50, 0.25, and 0.11 mm sieves, with a pan at the
bottom. The bark that remained on each sieve was weighed to determine the fractionated mass.
To analyze the particle size distribution, the particles were characterized four size classes: extralarge (>6.3 mm), large (2.00- 6.3 mm), medium (2.00- 0.71 mm) and fines (<0.71 mm).
Additionally, the hydraulic properties of three replicates of each substrate were analyzed
via the evaporative method utilizing a Hyprop (UMS, Munich, Germany). The resulting analysis
produced moisture characteristics curves (MCC), as well as graphical representations of
hydraulic conductivity as a function of θ and water potential (Ψ). The procedure set-up was
described by Fields et al. (2016). Briefly, three individual, 250 cm3 cores were packed with each
substrate components to a uniform Db. The samples were saturated for 24 h and were placed on a
balance to calculate the change in θ resultant from evaporation, while substrate  was measured
via tensiometers.
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The evaporative measurements were fit to suit hydraulic parameters of van Genuchten
(1980) model by utilizing a soil water retention curve fit software (SWRC Fit; Seki, 2007) and
forcing saturated volumetric water content (θs) through TP.
van Genuchten (1980) model:
1

𝑆𝑒 = [1+ (𝛼𝛹)𝑛]

𝑚

1

𝑚 = 1−𝑛

𝜃−𝜃

𝑤ℎ𝑒𝑟𝑒 𝑆𝑒 = (𝜃 −𝜃𝑟 ) 𝑎𝑛𝑑 𝜃 = 𝜃𝑟 + (𝜃𝑠 − 𝜃𝑟 )𝑆𝑒
𝑠

𝑟

The model depicts effective saturation (Se; cm3 cm-3) of the substrate, θ denotes the θ of the
substrate during saturated (θs cm3 cm-3) and residual (θr cm3 cm-3) conditions. Furthermore, α
(inverse of air entry point; cm1 cm-1), n (influenced by pore size distribution of the sample), and
m are van Genuchten curve fitting parameters derived from values calculated by Seki (2007).
Pressure head or water potential is represented by Ψ. Saturated hydraulic conductivity (Table
3.1.) was obtained from Fields et al. (2020b) as an optimized Ks for pine bark. The parameter 
represents the tortuosity and the values were obtained by running each Hyprop sample through
HypropFit while fitting the van Genuchten: m=1-1/n model and taking the average value of the
three samples. The moisture characteristic curve (MCC) data was fit to a constrained van
Genuchten (1985) model via Hyprop Fit and parameters Es, 𝛹, and θ were calculated.
Table 3.1. Substrate Hydraulic Parameters for data measured via evaporative and
instantaneous profile methods fit to van Genuchten (1980).
θr a

θs b

αc

nc

Ks d

e

(mm3 mm-3)

(mm3 mm-3)

(1 mm-1)

(-)

(mm sec-1)

(-)

Conventional Bark

0.265

0.790

0.242

1.814

17.90

3.311

Fine Bark

0.210

0.820

0.202

1.734

17.90

1.988

Coarse Bark

0.220

0.830

0.154

1.714

17.90

2.621

Substrate

a
b

Volumetric Water Content (VWC) during residual states.
VWC at saturation.
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c

Curve fitting parameters in the van Genuchten (1980) function.
Saturated hydraulic conductivity.
e
Touristy parameter in the conductivity function.
d

3.2.3. Container Preparation
On 12, October 2020, 12 containers, were drawn with a line at exactly half the container
vertical height (10 cm) of the container from the bottom lip to install elbow tensiometers (Soil
Measurement Systems, SMS; Huntington Beach, CA, U.S.). Five centimeters above and below
the midway line, two holes were cut on opposing sides of the container with a diameter of
approximately 3.5 cm (Fig 3.1). The containers used were classic C600 (Blow Molded-Classic
Line; Nursery Supplies, Kissimmee, FL, U.S.) containers. Standard duct tape was taped around
the hole to ensure no water will leak from the container and a 3.5 cm wide threaded adapter was
placed snug into the hole. A total of 24 holes were cut, taped, and the threaded adapters were
installed in 12 containers. Afterward, 12 θ sensors (Teros 12; Meter Group; Pullman WA, U.S.)
wires were fed through the drain holes at the bottom of 12, C600 containers.
3.2.4. Sensor Calibration
The pressure transducers and θ sensors required calibration before use. Once all the
pressure transducer wires were wired into the multiplexer, wires 1-6 were set aside to use.
Measuring six transducers at a time, an 8mm plastic tube was connected to a vacuum pump. This
was connected to a buffering beaker and a Traceable Manometer (Webster, TX, U.S.), which
was connected to the 8 mm tube linking six 6.3 mm push fittings. The push fittings were
connected to six corresponding SMS transducers that were wired to the data logger (CR1000X;
Campbell Scientific, Logan UT, US) and multiplexer (AM16/32B; Campbell Scientific). Known
tensions of 0, 5, 10, 20, and 50 +/- 0.5 kPa were measured on each transducer and recorded. A
scatterplot was computed, and a regression line was developed to attain the slope equation.
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The θ soil moisture sensors were calibrated by placing each sensor in a 2.37 L container
(300CS, Nursery Supplies) filled with conventional pine bark to normalize barks moisture status
standardizing for calibration. The weight of the container was measured 5 times over 7 d and the
soil moisture reading from the data logger were recorded. Consequently, the substrate was dried
for 48 h at 105 ℃, re-weighed, and the volumetric water content was calculated. A scatterplot
was computed, and a regression line was developed to attain the slope equation.

Figure 3.1. Fictitious depiction of elbow tensiometers and volumetric water content sensor
installation dimensions and placement.

Empty tensiometers were placed in beakers filled with de-gassed water 48 hours prior to
installation and filled with de-gassed water, 2 cm from the top on the morning of the initiation of
the study. All tensiometer ceramic cups were placed in the center of the container, approx. 10.17
cm from the container wall. In SS, 20% of the container was filled with coarse pine bark in the
lower half and shaken a little to settle the substrate. Then, an elbow tensiometer was placed
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horizontally into the threaded adapter and with a plastic nut, the tensiometer was secured onto
the container, 90° upright. More coarse pine bark was added on top of the tensiometer and filled
to the stratified interface. Then, fine bark was filled in the container to ~70%. A second
tensiometer was installed in the upper half of the container and was placed horizontally into the
threaded adapter and with a plastic nut the tensiometer was secured onto the container, 90°
upright. After, more fine pine bark covered the tensiometer until the container was filled to about
the upper lip. A slurry was added to the ceramic tips in the lower strata tensiometers ensure
proper contact between the ceramic and the substrate. This process was repeated for the control
substrate.
Twelve volumetric water content sensors were held vertically exactly halfway (10 cm) of
the container, with probes facing inward and the middle probe at the stratified interface in
stratified or halfway mark in non-stratified systems. Each treatment received three moisture
sensors. Moisture sensors were held inside the container, approximately 2.5 cm from the
container wall and the container was filled with its corresponding substrate treatment. Coarse
pine bark was filled to 50% of the container at the middle probe. Afterward, fine bark was filled
the rest of the container until the upper lip, encompassing the upper probe. The same process was
repeated for the non-stratified system as well.
3.2.5. Stratified Substrates
On 15 October 2020, 40 5.68 L containers were filled with one of two substrate
treatments. The control treatment consisted of conventional pine bark filled uniformly
throughout the container. The remaining substrate treatment was a stratified substrate, which
consisted of fine bark in the top strata and coarse bark in the lower strata. A line was drawn on
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the inside of the container, half-way down the filling profile (10 cm from the bottom). Coarse
bark was filled in the lower 50% and fine bark was placed atop in the upper 50%.
3.2.6. Irrigation
After the containers were filled with their corresponding substrate treatments, fallow
containers were watered 600 mL d-1 for 6 d and data from tensiometers were graphed (Fig. 3.2.).
On 22 October 2020, two unique irrigation schedules were initiated. The first was a single
application irrigation schedule (Irrs; 3 min; 600 mL every day). The second a cyclic application
irrigation schedule (Irrc; 1 min, 3x a day; 200 mL each application, totaling 600 mL, every day).
Netafim (Fresno, CA, U.S.) 12.11 L/h emitters and purple spray stakes were used. From 21,
October 2020 to 26, October 2020, tensiometers collected data within fallow pots.
Dianthus barbatus ‘Amazon Neon Purple’ were randomized and transplanted on 26
October 2020. A hole of approximately 7.5 centimeters deep and 2.5 centimeters wide was made
directly in the center on the surface of the substrate in the container to plant the liner. Before the
liner was planted, the roots were slightly broken up to promote root growth. Once all liners were
transplanted, they were irrigated for 5 minutes (~1000 mL). Crops were watered every day with
their corresponding irrigation treatment until 21 days after planting (DAP). Thereafter, crops
were watered every other day beginning on 18, November 2020 with their respective irrigation
schedule. Every 10 days +/- 1 days depending on the irrigation day the crops are fertilized
(Peters Professional Fertilizer; 20N-20P2O5-20K2O; Summerville, SC) by mixing 2.89g/L to
attain an EC of ~2.56 mS +/- 0.6 mS.
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3.2.7. Growth Measurements
Growth indices [(plant height + widest width + perpendicular width)/3] were taken
approximately every 15 ± 1 d of every plant of each treatment. Additionally, subjective
respective ratios of plant root growth density within each stratum were subjectively recorded.
This was completed by subjectively rating the root density on a 1-5 scale (1 equated to poor or
no root growth, whereas 5 equated to the best the roots could’ve grown). The upper strata value
was then divided by the lower strata value and averages were calculated.
3.2.8. Monitoring Water Status
A 35-d establishment period was held to allow the Dianthus root growth to completely
explore the container before data collection began. For 15 d (1, December 2020 to 15, December
2020), data was collected by tensiometers and θ sensors. Crops were hand watered their
corresponding irrigation schedule every other day. Data from tensiometers, moisture sensors
were collected and recorded every hour by the data logger. Additionally, leaf sensors
(AgriHouse; Berthoud, CO, U.S.) sensors were placed on plants grown in containers without
sensors (tensiometers and soil moisture sensors). There were four total leaf sensors, each placed
on one of four treatments. The leaf sensors were changed every 45-46 h at 21:00-22:00, the night
prior to an irrigation day and the data was recorded.
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Figure 3.2. Fallowed substrate water potentials in the upper and lower portions of the container
under two irrigation schedules.
The equation of how the substrate moisture measurement is attained is:
θ = 0.0003879 ∗ 𝑐𝑜𝑢𝑛𝑡𝑠 − 0.6956
The multiplier from the θ slope equation was inputted into the recorded values to correctly
calculate actual θ. The tensiometers are connected to a pressure transducer, which is connected to
the Campbell Scientific Data Logger. The tensiometers are measuring in kPa. The equation of
how the measurement is attained is:
𝑘𝑃𝑎 = 𝑚𝑉 ∗ 12.911 − 10.453
The multiplier from the tensiometer slope equation was inputted into the recorded values to
correctly calculate actual Ψ.
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3.2.9. Harvest
After 15 d of observed data collection, plants grown without the sensors were
photographed. Afterward, the roots were destructively separated from the shoots. Roots were
then washed of substrate particles. The root and shoot tissue were dried at 73° C for seven days
and weighed. All containers with sensors and crops were left to dry out for ~5 weeks and the
data collected was graphed.
3.2.10. Numerical Modeling of Water Dynamics
Once hydraulic parameters were measured, HYDRUS-1D (version 4.16.0090; Simunek
et al., 2008) was used to model water flux throughout the substrate profile. The models and
following hydraulic parameters utilized in HYDRUS are listed in (Table 3.1.).
3.2.11. Equilibration to Steady State Conditions
Water redistribution was simulated in HYDRUS 1-D. The platform requires depth of
modeled substrate profile, boundary conditions, substrate hydraulic properties, and initial θ
condition. A 5.67 L container (C600, Nursery Supplies) was used as the representative container
height (215 mm). The model was computed to simulate fallowed containers to eliminate factors
evapotranspiration water withdrawals that would have influences on water flux and
redistribution. The hydraulic model utilized was the single porosity model, van GenuchtenMualem with an air-entry value of -20 mm. Water flow boundary conditions had an upper
atmospheric boundary condition with a surface layer and max h set to 20 mm, which allowed for
up to 20 mm ponding of water. Additionally, the lower boundary condition was set to have a
seepage face adjusted to h=25 mm. For both substrate treatments, the initial θ was set to the CC
of the substrate analyzed via porometer uniformly throughout the profile; hence, no moisture
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gradient was present. The non-stratified treatment was computed utilizing the parameters in
(Table 3.1.; Conventional Bark). However, the stratified treatments parameters were inputted as
the upper 107.5 mm with (Table 3.1.) fine bark parameters and conversely, the lower 107.5 mm
was inputted with (Table 3.1.) coarse bark parameters with the stratified interface at exactly half
the vertical profile height (Table 3.1.). The model was then ran for a 24-hour period to allow the
substrate moisture to equilibrate throughout the profile and determine its steady state conditions.
3.2.12. Data Analysis
The data presented in tables and figures with associated statistics were analyzed in JMP
Pro (15.1.0; SAS Institute, Inc.; Cary, NC, U.S.) utilizing Tukey’s Honestly Significant
Difference (α = 0.05) to separate means across three substrates (conventional bark, fine bark, and
coarse bark; Table 2) and crop growth performance among irrigation schedules (Table 3).
Furthermore, Analysis of variance (ANOVA) was used to identify any significant statistical
differences across the means of porometer calculations, PSD, and plant growth. Minimum and
maximum values for substrate tension and volumetric water content within a 48-h period and the
standard deviation among samples were calculated via Excel (Table 4; Microsoft; Redmond,
WA, USA).
For the HYDRUS 1-D models, seven observation nodes were strategically placed at 0
(substrate surface), 10.75, 51.6, 105.35, 159.1, 204.25, and 250 mm (bottom of container).
3.3. Results and Discussion
3.3.1. Hydrophysical Properties
The substrate components physical properties used in the stratified system (fine and
coarse bark) and the non-stratified system (conventional bark) were analyzed. Fractioning bark
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particles larger than 6.3mm (coarse bark) resulted in a reduction of CC (0.39 cm3 cm-3) while
fractioning bark particles smaller than 6.3 mm resulted in an increase in CC (0.52 cm3 cm-3),
when compared to conventional bark’s CC of 0.46 cm3 cm-3 (Table 3.2.). Recommended
standards for nursery containers suggest that substrate CC should range within 0.45-0.65 cm3 cm3

(Bilderback et al., 2013). The goal of partitioning coarse particles from conventional pine bark

was to maximize air-filled porosity and subsequent drainage in the lower 50% of the container
while significantly decreasing CC. In doing so, the CC of coarse bark is 0.06 cm3 cm-3 below the
lower threshold recommended best management practices. Proportions of gravitational pores are
increased in coarse bark because the larger particles increase the gravitational porosity. These
gravitational pores are mainly interaggregate spaces and contribute to the quick
infiltration/drainage of water/solutes and the increased air-filled porosity as seen in pine bark
substrates (Raviv and Lieth, 2008). The majority of the water within gravitational pores is not
tightly bound to substrate particles due to their larger diameters (Hillel, 2004). The incapability
of gravitational pores retaining water against applied suctions (Raviv and Lieth, 2008) resulted in
coarse barks CC to decrease and AS to increase (0.43 cm3 cm-3), 0.13 cm3 cm-3 above
recommended upper limits of the recommended BMP for AS (0.10-0.30 cm3 cm-3; Jackson,
2009b) relative to conventional bark (0.33 cm3 cm-3; Table 3.2.).
Fine particles tend to increase surface area and the percentage of hydroscopic and
capillary pores (Hillel, 2004). Due water’s adhesive properties, low tensions will inhibit the
movement of water from these hydroscopic pores, which results to water molecules tightly
bound to bark particles (de Silva et al., 1998). Moreover, fine bark particles increase the
percentage of smaller diameter pores which in turn restrict water flux from capillary pores,
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increasing CC as shown in Altland et al. (2018; Table 3.2.). Container capacity and air space was
significantly different across substrates (P<0.0001 and P=0.0098, respectively; Table 3.2.).
Altland et al. (2018) stated that the incorporation of fine particles (i.e., sand) often
increase weight and subsequent Db; however, there were no observed differences in TP and Db
across substrates (P=0.4252 and P=0.0956, respectively; Table 3.2.). These results are also
similar to both Altland et al. (2018) and Fields et al. (2021), where a shift in AS:CC ratio is
observed by varying particle sizes, while TP is not significantly affected.
The representation of a substrates PSD can be used to estimate hydraulic properties such
as water retention curves or saturated/unsaturated hydraulic conductivity (Raviv and Lieth,
2008). Fractioning bark particles larger than 6.3 mm resulted in the greatest quantity of extralarge particles in coarse bark (0.56 g g-1; Table 3.2.). Conversely, fine bark had the lowest
percentage of extra-large particles and contained the greatest quantity of large, medium, and fine
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Table 3.2. Static physical properties and particle size distribution.
Static Physical Properties a

Container
capacity
Substrate

cm3 cm-3

Air
space
cm3 cm-3

Particle size distribution b

Total
porosity

Bulk
density

cm3 cm-3

g cm-3

Conventional
bark

0.46 b c

0.33 b

0.79 a

0.17 a

Fine bark

0.52 a

0.30 b

0.82 a

Coarse bark

0.39 c

0.43 a

<0.0001

0.0098

P-value d

Extra
Large
(>6.3
mm)
g g-1

Large

Medium

Fines

(6.3 mm–
2.00 mm)

(2.00-0.71
mm) g g-1

(<0.71 mm)
g g-1

g g-1

0.36 b

0.43 b

0.13 b

0.08 b

0.17 a

0.01 c

0.50 a

0.36 a

0.14 a

0.83 a

0.16 a

0.56 a

0.36 c

0.04 c

0.04 c

0.4252

0.0956

<0.0001

<0.00021

0.0001

0.0019

a

Measured via porometer analysis. Total porosity = minimum air space (AS; minimum air-filled porosity after free drainage)+
maximum water holding (container capacity; CC; maximum water holding capacity after free drainage).
b
Percent of particle dry weight occupying extra-large > 6.3 mm, large > 2.00 mm, Medium > 0.71 mm, and fines < 0.71 mm.
c
Letters denote detected differences among means of three substrates (conventional bark, fine bark, and coarse bark) utilizing Tukey’s
HSD (α = 0.05).
d
Measures of overall treatment effects utilizing ANOVA analysis with a significance value of (α = 0.05).
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particles, relative to conventional and coarse bark (p=0.0021, p<0.0001, and p=0.0019,
respectively; Table 3.2.). All substrates were statistically different across particle sizes (Table
3.2.).
3.3.2. Hydraulic Properties
Moisture characteristic curves are very useful tools to identify the relationship of between
θ and  (Bunt, 1961). The MCC curve data for the conventional and fine bark substrates fit
strongly with the van Genuchten (1980) model (Seki, 2007). Conventional bark, fine bark, and
coarse bark (Fig. 3.3. A-C, respectively) had R2 values of 0.94, 0.87, and 0.88, respectively
(Seki, 2007). Minimal variations in  can result in great θ fluxes (Hillel, 2004). Fine bark was
initiated at greater θ than the other substrate treatments due to increased water retention (>0.65
cm3 cm-3; Richards et al., 1986). All substrates exhibited a rapid decline, where fine bark had the
greatest decrease in θ with a minor shift of substrate water potential between -5 and -15 hPa (Fig.
3.3.B). This quick descent can be attributed to the increase in pore volume uniformity, which is
indicative of the screening process (Fields et al., 2021). It is suggested by de Boodt and
Verdonck (1972) that readily available water occurs between -10 and -50 hPa, where both
conventional bark and fine bark retained similar quantities of water within these tensions.
However, fine bark continues to decrease below 0.30 cm3 cm-3 following -100 hPa while
conventional bark’s θ remains above 0.30 cm3 cm-3 until approx. -160 hPa. Due to conventional
barks pore size heterogeneity, there may be a more gradual reduction of θ and require lower
tensions to reach parallel θ. This may suggest the possibility of the creation of virtual pores
within conventional bark. Virtual pores, as proposed by Hunt et al. (2013), depicts when water is
confined within pore cavities and drainage is restricted when their critical pressure is reached, as
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a result of smaller pores restricting further drainage. Thus, conventional bark exhibited greater θ
than fine bark at lower  (Fig. 3.3. A-B).
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Figure 3.3. Moisture characteristic curves fit to a van Genuchten (1980) hydraulic model.
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Furthermore, the air-entry value of finer particles is often lower than coarse particles
because lower tensions are required to discharge pore water and begin substrate desorption at
their respective θ (Jiang et al., 2020). This is due to coarse particles having larger pore diameters
and consequently, smaller capillary effect on pore water. Thus, more water readily drains at
higher tensions (Wesley, 2015). Air-entry value is defined as the minimum matric suction where
air enters the pore with the largest radius (Hillel, 1998; Tehrani et al., 2019). Therefore, the
inverse air-entry value (α) should be lowest in fine bark; however, coarse bark had the lowest
value (Table 3.1.).
Pine bark releases water very quickly at higher  when compared to other common
soilless substrates, indicating that pine bark is not effective at retaining water (Fields et al.,
2014). Coarse bark began at lower θ (<0.50 cm3 cm-3) than the other substrates and quickly
descended below 30 cm3 cm-3 after -50 hPa (Fig. 3.1.C). Coarse bark had less readily available
water than both conventional bark and fine bark at tensions between -10 and -50 hPa (Fig.
3.1.C). These results were aimed for because the coarse bark was engineered to maximize AS,
reduce water retention capabilities and release water quickly, even at high tensions.

3.3.3. Crop Growth and Performance

Crop growth remained relatively linear for both substrate treatments under varied
irrigation schedules over the course of the study (Fig. 3.4.). Neither substrate nor irrigation
influenced plant growth index over time (P=0.3177 and P=0.5418, respectively). Plants grown in
the stratified substrates had a greater final GI than plants grown in conventional bark under a
single application schedule (Fig. 3.4.). These results contrast results by Chapter 2 (2021), where
substrate and the interaction between substrate and irrigation affected plant growth index.
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Comparably, Chapter 2 (2021) observed that plants of the same taxa grown in stratified
substrates under a single application irrigation generally grew

Figure 3.4. Plant Growth index over the course of the study.
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Table 3.3. Crop growth and performance.
Δ GI avg.
(cm) a

Root:Shoot dry
mass ratio avg.
(g) b

Single Application

Cyclic Application

Shoot dry
weight
avg.

Root dry
weight
avg.

(g) c

(g) d

Stratum Root
Growth Ratio
e

Average
shoot
rating
(1-5) f

Average
root
rating
(1-5) f

(Upper/Lower)

Non-Stratified

22.1 a

0.46 a

10.9 a

5.08 a

0.88 a

4.63 a

4.56 ab

Stratified

31.0 a

0.46 a

10.9 a

5.08 a

0.71 a

3.86 b

4.06 b

Non-Stratified

23.6 a

0.46 a

12.2 a

5.60 a

1.25 a

5.00 a

4.81 a

Stratified

25.1 a

0.52 a

11.4 a

5.90 a

1.13 a

4.75 a

4.88 a

Substrate effect

0.2218

0.6539

0.7697

0.6872

0.5331

0.0057

0.1033

Irrigation effect

0.6076

0.6488

0.5366

0.5859

0.1071

0.0008

0.0003

Interaction (SxI)

0.3822

0.5889

0.7697

0.6872

0.9785

0.1467

0.0391

Difference in final growth index – initial growth index.
Dry mass of root system ÷ dry mass of shoot system.
c
Shoot dry mass dried at 73 ℃ for 6 days.
d
Root dry mass dried at 73 ℃ for 6 days.
e
Subjective estimation of root density within the upper versus lower strata. Root density was based on a 1-5 scale (1=low density;
5=high density). Upper strata value / lower strata value.
f
Rating is a subjective measure of quality from all plants and the average was calculated.
a

b
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better than other irrigation scheduling treatments. Therefore, this may be due to crops within this
study were grown in a controlled environment, protected from the weather elements.
There were no statistical differences observed amongst ΔGI where substrate (P=0.2218)
or irrigation (P=0.6076) had no effect (Table 3.3.). Shoot and root dry weights were very similar
to each other in both substrate and irrigation treatments, where there were no significant
differences observed (Table 3.3.). No differences were noticed in subjective root growth density
among the different stratums (Table 3). There were significant substrate (P=0.0057) and
irrigation (P=0.0008) effects for subjective shoot quality ratings (Table 3.3.). All substrate and
irrigation treatments were similar, except for the single application stratified treatment, which
received the lowest ratings. Additionally, irrigation (P=0.0003) affected root quality ratings
(Table 3.3.). Plants grown in conventional bark under Irrs were similar to plants grown in
stratified substrate under Irrs and both substrate treatments under Irrc (Table 3.3.). Plants in the
Irrs stratified treatment also received the lowest quality rating which contrasted results observed
by Chapter 2 (2021; Table 3.3.).

3.3.4. Equilibration to Steady State Conditions

For both simulated models, there was no moisture gradient present at initiation and there
was a uniform initial θ throughout the substrate profile. The non-stratified substrate treatment
was initiated at 0.46 θ mm3 mm-3 and the model consequently calculated water redistribution in
a 215 mm tall container. As a result of gravitational forces and unique substrate hydraulic
properties, there is an observed shift in moisture gradients and downward water movement
occurring over time in a single dimension (Fig. 3.5.).
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Immediately upon initiation (0.0167 min.), water redistribution in the non-stratified
treatment begins and starts its descending movement from the upper substrate surface (Fig. 3.5.).
For approx. 15 min, the pace of water redistribution appears to remain constant and subsequent
redistribution starts to decelerate. Additionally, it took 15 min for the bottom of the container to
saturate (Fig. 3.5.). After 60 min of water relocation, the lower 5 mm of the container is fully
saturated. Equilibration is attained at approx. 30-60 min; however, water movement continues to
rearrange throughout the substrate up to 24 h (Fig. 3.5.). After 24 h of equilibration, the bottom
25 mm of the substrate pores are inundated with water.

The stratified substrate treatment was assessed in a more unique approach, where the
upper 107.5 mm was initiated 0.52 θ mm3 mm-3 (fine bark) and the lower 107.5 mm was
initiated at 0.39 θ mm3 mm-3 (coarse bark; Table 3.2.). There were no moisture gradients in the
respective stratums. The top strata showed similar patterns as the non-stratified model, where
there is a constant rate of redistribution. However, the rate at which the upper portion of the
substrate is drying appears to occur much slower than the non-stratified substrate. This is
credited to fine bark retaining greater quantities of water than conventional bark (Table 3.2.) and
fine particles holding more strongly to water molecules. Nevertheless, immediately at the
stratified interface, the coarse particles quickly influenced the water movement dynamics and
increases the θ of the substrate, indicative of its improved drainage and quick water flow
(Mathers et al., 2007). It takes only 2 min for the shift in water redistribution to reach 0.52 mm3
mm-3 at 75% container depth (-161.25 mm) whereas it took 1440 min for the non-stratified
treatment to reach a similar water content (0.50 θ mm3 mm-3; Fig. 3.5.). Interestingly in the
lower strata, the quick downward movement of water creates a large shift in θ between 2 and 5
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min, where the substrate then begins to equilibrate (Fig. 3.5.). While the upper portion of the
container is slowly drying, the lower strata experienced a sharp and quick spike in θ as water
movement quickly redistributes downward (Fig. 3.5.). Water redistribution starts to slow in the
upper strata and gradually starts to increase θ in the lower strata with decreasing depth at 15 min
post initiation. At 15, 30, 60 and 1440 min, the lower 6.5, 12, 19.4, 30.1 mm of the profile is
saturated, respectively (Fig. 3.5.). This is likely a result of more water being held in upper strata
of the stratified system and coarse bark having a lesser CC value than conventional bark. Thus,
the unique substrate water retention properties, in concert with a larger pore tortuosity in coarse
bark than in conventional bark, allows more water movement downward and enabling the
substrate to reach saturation at quicker speeds and higher depths.

The substrate profile dried slower in the upper strata in the stratified system than the nonstratified substrate due to fine bark’s water retention characteristics and increased proportions of
small pores among its pore size distribution. The greater quantities of smaller pores created by
the high percentages of fine particles hindered water redistribution until liquid water arrived at
the lower strata (i.e., half of the profile height). Consequently, water traveled quicker
immediately upon the stratified interface (half the profile height) than the non-stratified substrate
likely due to coarse barks drainage properties and increased water flux as a result of its large
pore diameters.
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Figure 3.5. HYDRUS 1-D output model illustrating substrate water redistribution in a 215 mm
tall container.
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3.3.5. Monitoring Substrate Moisture and Tension Fluctuations

The type of irrigation schedule implemented into nursery production practices (Jahromi
et al., 2018) paired with the manipulation of a substrate profiles hydraulic characteristics (Fields
et al., 2021) can possibly have strong influences on substrate moisture status within substrate
systems. Moreover, a single application in non-stratified systems resulted in significant
differences on water potential and VWC when compared to non-stratified systems under cyclic
irrigation schedules (Fig. 3.6.). Under a single irrigation, the upper proportion of the CTL profile
resulted in drastic diurnal fluctuations in substrate tension; often by magnitudes of almost -10
kPa (Fig. 3.6.A). These daily oscillations are representative of a traditional nursery container
substrate system with a root explored profile, specifically where the top portion of the system
quickly dries due to gravitational pull (Owen and Altland, 2008), evaporation (Beeson, 2010),
and plant uptake in the upper half (Hoskins et al., 2014c). However, when more frequent
irrigations are practiced, substrate tension fluctuations are noticeably reduced in the upper half
(Fig. 3.6.B). Under Irrs , there are minimal deviations in tension (±-2 kPa) in the lower half of the
CTL profile (Fig. 3.6.A). This is likely due to the increased presence of water in the bottom of
the container was driven downward by gravity, thus, reducing tension (Hillel, 2004).
Interestingly, non-stratified bottom half under Irrc irrigation also experienced large fluctuations
in water potential (Fig. 3.6.B). Possibly, the shallow, more frequent irrigations were sufficient to
marginally steady the fluctuations in the upper half but not sufficient to do so in the lower half.
Additionally, due to the porous nature of conventional pine bark, it is also possible that the water
quickly infiltrated through the profile, allowing for better wetting in the upper portion but
quickly drained thereafter. Thus, resulting in great oscillations (Fig. 3.6.B). Furthermore,
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redistributing substrate pores to retain water in the upper half while increasing drainage in the
lower half greatly influenced the water potentials attained (Fig. 3.6.B).

Figure 3.6. Monitored in-situ substrate moisture status. of substrate tension (kPa) and volumetric
water content (cm3 cm-3) over 15 d.

In stratified systems, the tension fluctuations were greatly reduced in the upper
proportion, probably due to the added water retention through fine bark and the inverse
relationship between VWC and Ψ (Fig. 3.6.C-D; Hillel, 2004). These tension daily fluctuations
were even further reduced when more frequent and shallow irrigations were practiced (parallel to
non-stratified under Irrc ; Fig. 3.6.D). Furthermore, both (Fig. 3.2.D and Fig. 3.6.D), show a
uniform hydraulic gradient in the upper and lower strata, where the fluctuations of drying and
wetting mimic each other. The lower half of the stratified profile under Irrc experienced
dissimilar patterns, where Ψ appears stable with little deviation, similar to CTL and SS under Irrs
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(Fig. 3.6.). This is likely because the increased water retention and holding capabilities in the
upper half enables the wetting front to infiltrate more evenly, slowly, and uniformly throughout
the profile. This was especially true in wetter regions (Liu et al., 1994; Bauters et al., 2000;
Hoskins et al., 2014c).

Substrate VWC was increased in both substrate treatments when more frequent
irrigations were applied (Fig. 3.6.B, D). More frequent irrigations enable the substrate retain
water more efficiently (Lamack and Niemiera, 1993). Due to the significant increase in water
retention in fine bark substrates (Table 3.2.) versus conventional bark, the stratified profile was
able to store more water within Irrc (Fig 3.8D). In opposition, a single irrigation increased the
non-stratified systems VWC while the singular application allowed the stratified profile to drain
more water, likely due to the maximized drainage in the lower 50% of the container (Table 2;
Fig. 3.6.C). This is further confirmation that increased irrigation frequencies allows for
improved water absorption and subsequent retention, regardless of substrate system (Fig. 3.6.;
Lamack and Niemiera, 1993).

Mean values were calculated and computed for all data and constrained to one 48-h
period (Fig. 3.7.). All treatments followed similar patterns as previously described. Non-stratified
systems had the greatest decent in substrate tension after a single irrigation application (Fig.
3.7.A) and retained similar quantities of water as stratified systems did under Irrs (Fig. 3.7.C).
This was anticipated because Fonteno (1989) showed that the upper portion of the substrate dries
more quickly and often contains lower quantities of water than the lower half (Owen and
Altland, 2008). Milks et al. (1989) had similar results by demonstrating that in the upper portion
of the container, there was a 32% water retention whereas in the lower portion of the container,
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there was a 69% water retention. This may be indicative of the substrate uniformity (i.e., solely
pine bark or even blends of substrate amendments) within the container. Additionally, in nonstratified profiles, cyclic irrigation marginally reduced the tension fluctuation that occurred in the
upper portion of the container; however, the bottom half of the substrate system mimicked (Fig.
3.6.) where it experienced large oscillations and lower tensions (Fig. 3.7.B).

Figure 3.7. Monitored in-situ substrate moisture status. Substrate tension (kPa) and volumetric
water content (cm3 cm-3) averaged and pooled in a 48-h period.
Again, in stratified profiles the upper half did not reach as low of tensions as the nonstratified system did (Fig. 3.7.C). Moreover, the tension fluctuation are not as severe as observed
in non-stratified substrates (Fig. 3.7.A, C). Similar to (Fig. 3.6.), the change in daily tension
fluctuations were further reduced in a 48-h period when a cyclic irrigation schedule was
practiced (Fig. 3.7.D). The cyclic irrigation treatments held more water than single application
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treatments and stratified systems irrigation with cyclic application held more water than nonstratified treatments under the same irrigation (Fig. 3.7.). Furthermore, stratified profiles drained
more water than non-stratified profiles likely due to the increase drainage as a result of coarse
particle placement (Fig. 3.7.).
Listed in (Table 3.4.) depicts the minima and maxima values recorded for Ψ and VWC
within each 48-h period. Non-stratified substrates when irrigated with a large, single application
of water experienced the greatest descent in tension, where the substrate received the lowest
tension value in the upper proportion (-14.47 kPa; Table 3.4.). This is imperative to know
because Puustjarvi and Robertson (1975) stated that in most soilless substrates, tensions likely
are within -1kPa and -10 kPa. While it is uncommon to collect tensiometer readings above -30
kPa, the upper portion within the non-stratified system experienced tensions below water
buffering capacity (de Boodt and Verdonck, 1972; Arguedas-Rodriguez, 2009; Jahromi et al.,
2020). When more frequent irrigations were applied (cyclic), the minimum value reached was
slightly increased (-10.49 kPa; Table 3.4.). However, stratified substrates greatly prevented the
upper half from reaching similar Ψ values. In a single, large application, stratified systems lowest
tension experienced was approx. -5 kPa higher than the non-stratified system (Table 3.4.).
Furthermore, stratified substrates within a cyclic irrigation schedule had an even greater increase
in substrate Ψ relative to non-stratified cyclic treatments (-3 kPa less; Table 3.4.). This is
imperative for plant growth since the stratified system experienced tensions within readily
available water ranges and the conventional system experienced tensions above water buffering
capacity (Table 3.4.). Stratified systems had the highest tension value in single application
whereas non-stratified systems irrigated with a cyclic application had the lowest maximum value
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(Table 3.4.). The lower strata maximum values for all substrates and irrigation treatments were
relatively similar, within minimal deviation (-2 kPa; Table 3.4.).
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Table 3.4. Minimum and Maximum Values of Substrate Tension (-kPa) and Volumetric Water Content (cm3 cm-3).
Top
Top
Bottom
Bottom
Tensiometer
Tensiometer
Tensiometer
Tensiometer
Tension MAX Tension MIN Tension MAX
Tension MIN
Substrate
Irrigation
48 h Period
(-kPa) a
(-kPa) b
(-kPa) c
(-kPa) d
1
-4.86 ± 0.66 g
-13.42 ± 3.69
-5.02 ± 0.90
-6.62 ± 0.50
2
-4.76 ± 0.71h
-10.31 ± 2.52
-5.30 ± 0.62
-6.26 ± 0.62
3
-5.01 ± 0.71
-7.60 ± 1.43
-5.52 ± 0.72
-6.36 ± 0.60
NonSingle
Stratified
Application
4
-4.95 ± 0.74
-13.39 ± 5.91
-5.60 ± 0.69
-6.49 ± 0.54
5
-5.12 ± 0.60
-14.47 ± 6.73
-5.62 ± 0.72
-6.54 ± 0.49
6
-4.85 ± 1.00
-12.97 ± 5.49
-5.48 ± 0.40
-6.48 ± 0.46
7
-5.29 ± 0.42
-9.87 ± 4.46
-5.53 ± 0.57
-6.15 ± 0.59
1
-5.45 ± 0.84
-10.49 ± 4.70
-7.33 ± 4.55
-13.68 ± 8.00
2
-5.63 ± 0.66
-9.00 ± 3.16
-7.81 ± 4.02
-12.24 ± 6.34
3
-5.74 ± 0.80
-7.43 ± 1.60
-4.65 ± 0.77
-11.49 ± 6.62
NonStratified
Cyclic
4
-5.70 ± 0.88
-9.39 ± 3.77
-4.63 ± 0.71
-7.59 ± 2.09
5
-5.21 ± 0.84
-9.38 ± 2.68
-4.55 ± 0.65
-7.04 ± 2.75
6
-5.32 ± 0.81
-8.49 ± 2.34
-3.19 ± 1.75
-9.96 ± 4.51
7
-5.25 ± 1.15
-7.09 ± 1.30
-4.70 ± 0.99
-7.07 ± 3.50
1
-3.98 ± 0.35
-6.51 ± 0.48
-4.03 ± 0.52
-5.61 ± 0.42
2
-3.63 ± 1.36
-8.90 ± 1.39
-4.69 ± 0.41
-5.94 ± 0.37
3
-3.52 ± 1.81
-7.04 ± 0.58
-4.55 ± 0.47
-5.65 ± 0.29
Single
Stratified
Application
4
-3.57 ± 1.55
-7.00 ± 0.66
-4.67 ± 0.43
-5.41 ± 0.35
5
-4.83 ± 0.50
-8.42 ± 0.95
-4.83 ± 0.34
-5.82 ± 0.55
6
-4.79 ± 0.60
-9.16 ± 1.17
-4.83 ± 0.35
-6.00 ± 0.53
7
-4.86 ± 0.42
-7.84 ± 1.48
-4.80 ± 0.28
-5.84 ± 0.50
1
-4.80 ± 0.45
-7.54 ± 0.94
-4.56 ± 0.52
-5.99 ± 0.57
2
-5.07 ± 0.44
-6.71 ± 0.49
-4.95 ± 0.44
-5.54 ± 0.59
3
-5.14 ± 0.34
-6.14 ± 0.21
-5.02 ± 0.68
-5.90 ± 0.68
Stratified
Cyclic
4
-5.05 ± 0.38
-7.44 ± 1.06
-5.01 ± 0.66
-6.61 ± 1.39
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Volumetric
Water Content
MAX
(cm3 cm-3) e
0.53 ± 0.19
0.50 ± 0.16
0.49 ± 0.15

Volumetric
Water
Content MIN
(cm3 cm-3) f
0.42 ± 0.11
0.43 ± 0.11
0.46 ± 0.13

0.49 ± 0.15
0.56 ± 0.11
0.48 ± 0.14
0.48 ± 0.14
0.55 ± 0.09
0.54 ± 0.08
0.53 ± 0.08

0.43 ± 0.11
0.49 ± 0.09
0.44 ± 0.13
0.46 ± 0.14
0.46 ± 0.06
0.47 ± 0.06
0.49 ± 0.07

0.52 ± 0.09
0.51 ± 0.08
0.52 ± 0.08
0.52 ± 0.09
0.54 ± 0.07
0.54 ± 0.16
0.49 ± 0.07

0.46 ± 0.05
0.46 ± 0.06
0.47 ± 0.06
0.49 ± 0.07
0.42 ± 0.02
0.41 ± 0.03
0.43 ± 0.03

0.49 ± 0.06
0.49 ± 0.08
0.49 ± 0.09
0.48 ± 0.08
0.60 ± 0.03
0.59 ± 0.04
0.58 ± 0.03
0.57 ± 0.03

0.42 ± 0.02
0.40 ± 0.02
0.40 ± 0.03
0.43 ± 0.04
0.51 ± 0.01
0.51 ± 0.02
0.53 ± 0.01
0.50 ± 0.01

Substrate

Irrigation

48 h Period
5
6
7

Top
Tensiometer
Tension MAX
(-kPa) a
-5.05 ± 0.35
-5.11 ± 0.42
-5.01 ± 0.37

Top
Tensiometer
Tension MIN
(-kPa) b
-7.81 ± 1.11
-7.39 ± 1.00
-6.19 ± 0.17

a

Bottom
Tensiometer
Tension MAX
(-kPa) c
-4.95 ± 0.74
-5.07 ± 0.50
-5.07 ± 0.57

Bottom
Tensiometer
Tension MIN
(-kPa) d
-6.78 ± 1.63
-6.48 ± 1.06
-5.49 ± 0.61

Volumetric
Water Content
MAX
(cm3 cm-3) e
0.56 ± 0.03
0.56 ± 0.03
0.56 ± 0.03

Maximum substrate tension values averaged amongst three replicates within a 48-h period in the upper strata.
Minimum substrate tension values averaged amongst three replicates within a 48-h period in the upper strata.
c
Maximum substrate tension values averaged amongst three replicates within a 48-h period in the lower strata.
d
Minimum substrate tension values averaged amongst three replicates within a 48-h period in the lower strata.
e
Maximum substrate volumetric water content values averaged amongst three replicates within a 48-h period.
f
Minimum substrate volumetric water content values averaged amongst three replicates within a 48-h period.
g
Standard deviation amongst samples.
h
Bold values indicate the maxima or minima value amongst the whole 15-d period.
b
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Volumetric
Water
Content MIN
(cm3 cm-3) f
0.50 ± 0.00
0.51 ± 0.01
0.52 ± 0.01

Stratified substrates had the greatest maximum VWC value within cyclic application
irrigations and conversely, had the least maximum value under single application (Table 3.4.).
The results were parallel for the minimum values, where the stratified substrates had the greatest
minimum value within cyclic irrigation and the least value in single application irrigations (Table
3.4.). Non-stratified systems had a greater minimum value under cyclic irrigation than in single
application, likely due to the increased frequency of irrigations (Table 3.4.).

All containers with sensors continued to collect data for ~5 weeks without irrigation and
was graphically imputed (Fig. 3.8.). Immediately after harvest, all containers were heavily
watered 3x to ensure substrates were at effective container capacity. Within all treatments, the
upper strata instantly to dry; whereas in the lower strata, there was a gradual stabilization period
and there were minimal decreases in substrate tension (Fig. 3.8.). Nevertheless, at approx. 180
hours after harvest, the lower half of the container began to dry (Fig. 3.8.). Thereafter, both the
upper and lower strata decrease in tension parallel to each other at similar rates in all treatments
(Fig. 3.8.). Interestingly, non-stratified cyclic treatment continued to dry longer than nonstratified single application did (Fig. 3.8.B). Alternatively, stratified Irrc dried much quicker than
stratified Irrs (Fig. 3.8.D). Tensiometer data began to be unreliable as early as 400 and as late as
800 hours after harvest (Fig. 3.8.). This was due to the vaporization of water occurs near -85 kPa
and lower tensions beyond this point are unable to be measured by a majority of ceramic cup
tensiometers (Fields, 2012; Klute, 1986).
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Figure 3.8. Substrate moisture status in a drying substrate for approx. 5 weeks.
Continuing with the VWC sensors, both substrate treatments under Irrs and Irrc irrigation
followed similar patterns in flat-lining, where after approx. 310 hours after harvest, there was no
further decline in VWC (Fig. 3.8.). Furthermore, both substrate treatments under Irrc had
identical final VWC values; whereas non-stratified profiles under Irrs had greater VWC values
than stratified under Irrs (Fig. 3.8.).

3.4. Conclusion

The increase in horticultural production and the subsequent intensification of nursery
water use justifies a need to engineer horticultural substrates to be more resource efficient.
Substrate stratification is a substrate management technique that redistributes the substrate
air:water pores two-fold within the container profile by means of stacking or layering unique
substrates on top of each other.
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Fractionating bark particles smaller or larger than 6.3 mm increases and decreases
substrate water holding capabilities, respectively. Conversely, this fractionation also results in a
decrease and increase in air-filled porosity, respectively, when compared to conventional pine
bark. Furthermore, conventional bark held more water at lower tensions than the fractionated
bark did.
Through HYDRUS 1-D, stratifying substrates took longer to redistribute water within the
substrate profile than non-stratified systems. Additionally, there was a more uniform moisture
gradient throughout the container profile in stratified systems than non-stratified systems. Lastly,
stratified substrates reduced the tension fluctuations that occur in the upper half of the substrate
profile during a single irrigation application. These oscillations were further reduced when more
frequent and shallow irrigations were applied to the profile. Substrate stratification has the
potential to reduce overall water use while simultaneously decreasing the energy required for
plants roots to uptake water and nutrients.
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4. MONITORING WATER MOVEMENT DURING AN IRRIGATION
EVENT WITHIN STRATIFIED SUBSTRATE SYSTEMS
4.1. Introduction
Substrate stratification has been identified as an emerging substrate management strategy
with promising opportunities for the nursery industry to improve resource use efficiencies. The
performance of crops grown in stratified profiles in open-air production systems have been
observed both by Fields et al. ( 2021) and within this thesis (Chapter 2). Additionally, stratified
substrates water status between irrigation events were monitored and compared to non-stratified
systems under varied irrigation schedules (Chapter 3). Investigating the stratified systems
hydraulic characteristics during irrigation applications may be paramount to further understand
the stratified systems hydration efficiency and water release tendencies.
Bark-based substrates are the most utilized soilless substrates in the southeastern United
States (Raviv and Lieth, 2008). Bark substrates are chosen for their large particle size (relative to
soils and other horticultural media), allowing for increased aeration and drainage after heavy
rain/irrigation events (Drzal et al., 1999), with low costs and local availability. These substrates
are often composite blends, where growers commonly incorporate other organic and inorganic
components to improve water retention capabilities (Fields and Gruda, 2021). Due to their
organic nature, pine bark substrates can become hydrophobic when the water content is
decreased (Airhart et al., 1978; Valat et al., 1991), reducing the substrates wettability (Michel et
al., 2001). This is when there is the molecular reorganization of organic matter molecules due to
drying substrates and subsequently, the repellency of infiltrating water occurs (Blok et al., 2008).
Moreover, as pine bark dries the subsequent hydration efficiency is decreased (Fields et al.,
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2014). This intern increases preferential flow, and results in a non-uniform wetting fronts
(Hoskins et al., 2014b).
There are two primary methods described in literature to assess substrate hydrophobicity
1) hydration efficiency tests and 2) measuring water droplet contact angles. Hydration efficiency
tests have been conducted by Fonteno et al. (2013), where known quantities of water are
introduced to the substrate and its leachates are collected to calculate the quantity of water
retained by the substrate. Fields et al. (2014) found that the substrates initial moisture content
had significant impact on a substrates wettability and will subsequently influence the movement
of water throughout the substrate profile. Yap et al. (2014) observed water retention properties of
pine bark particle size fractions and found that when substrates are irrigated at greater moisture
contents, the ability of the substrate to hydrate is enhanced, especially in fine bark particles. This
is additional confirmation of Fields et al. (2014) results, where generally, the greater the initial
moisture content, the more efficient the subsequent water retention is. More relative to stratified
substrates, large, medium, and fine bark particles (i.e., <6.3 mm) retained significantly more
water than extra-large particles (>6.3 mm) after the first hydration (Yap et al., 2014).
Alternatively, the contact angle method involves the measuring the interface angle of the solid,
air, and water particles (Hillel, 2004) to which water is allowed to rise via capillarity and many
parameters are measured (i.e., speed, mass, surface tension, and viscosity). The increase in the
contact angle is inversely related to the wettability of a substrate (Michel, 2015). Michel et al.
(2017) showed that in pine bark substrates, wettability decreased parallel to decreasing moisture
content, where pine bark had the smallest contact angle under the wettest condition relative to
other substrates. Additionally, all substrates examined within the study showed greater water
retention after the initial rewetting event (Michel et al., 2017). Water flow in mineral soil
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systems have been documented more than soilless substrate systems (Wallach, 2008) which
justifies scientist and growers to develop a clearer understanding of water movement in soilless
substrates (Hoskins et al., 2014b).
Hoskins et al. (2014c) discussed the importance of investigating root exploration through
substrates and the subsequent impacts on water flow. As plant roots explore the substrate, air
space (AS) and container capacity (CC) decrease and increases, respectively (Altland et al.,
2011), due to roots occupying pore spaces. When studying water movement, hydraulic
conductivity (K) is often used to describe the ease of water flow through a porous media (Hillel,
2004). Minimal differences in the pore air: water ratio (i.e., declining volumetric water content)
can lead to drastic differences in substrate unsaturated K (Wallach et al., 1992) which can hinder
root capabilities to access available water in mineral soils (Campbell and Campbell, 1982). It has
been shown by Nash and Laiche (1981) that the K of pine bark decreased after five months
ageing, likely due to substrate shrinkage and settling. Further confirmation that root growth
influences water flux through horticultural substrates was shown in the same study, where in
some cases, K had upward values of 26 cm·min-1, where average values were approx. 1.0-4.5 cm
min-1. Thus, it is possible that the roots explored in the upper substrate surface layers or roots
that traveled along the container walls created preferential flow, attributing to the high hydraulic
conductivity values (Hoskins et al., 2014c). Additionally, Fields (2016) found that fractionating
bark particles to smaller diameters increases unsaturated hydraulic conductivity within tensions
that plant roots often are grown in (i.e., -50 and -100 hPa). Nevertheless, it is clear many factors
such as K and air: water ratio, can influence water flux through bark substrates and logical
directions of pursuit should continue to delve deeper into studying the stratified substrate
systems hydraulics.
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Selker (1996) describes three mechanisms of water flow (i.e., fingered, funnel, and
macropore flow) through varied soil textures, to which these concepts can be applied to soilless
substrate preferential flow patterns. Stratified substrates may experience various forms of water
flow and infiltration/percolation due to different textural layers. Fine particles layered in the
upper half of the container in the stratified system may experience more funnel flow (i.e., diverse
textural strata redistribute water flow). Fine particles have stronger capillary effect (Hillel, 2004)
than coarse particles do and may uniformly and laterally spread the wetting front. Coarse particle
substrates may promote mechanisms such as funnel or macropore water flow due to the
increased proportions of larger diameter pores.
Water movement in pine bark within a single irrigation event has been observed through
tensiometry (Hoskins et al., 2014c) and through lysimetery (Fields et al., 2020c), with the latter
utilizing observations to validate predictive 3-dimensional numerical models with HYDRUS.
Beeson (2011) proposed that weighing lysimeters can be utilized as an inexpensive system to
quantify water use for crops grown in low bulk density substrate (i.e., pine bark). Lysimeters can
be used by horticulturalist in a wide-array of methods such as hanging single containers with an
S-type load cell (Beeson, 2011) or a base load cell with a platform attached on top (Prehn et al.,
2010). Previously, O’Meara et al. (2013) monitored daily water use in popular nursery crops by
placing nursery containers a top of a load cell and Niu et al. (2006) monitored nursery crop
evapotranspiration via base load cells attached with acrylic platforms. The implementation of the
two methods of lysimeters can better our understanding of monitoring water movement through
soilless substrate within nursery containers. Considering 1 g of water is equivalent to 1 mL of
water (Prehn et al., 2010), water flux can be gravimetrically monitored as water hydrates the
substrate by weighing the mass via hanging load cells. Whereas the mass of the water drained
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(which equates to the volume of water drained) can be measured via base load cells with a
platform attached a top. To further that, water flux can be monitored during an irrigation
application while investigating how water flux changes when soilless substrate profiles are
engineered within the container systems. Therefore, it is warranted to evaluate water entry, flow,
and release by mass in stratified substrates and compare the water kinetics to non-stratified
systems.
As such, the purpose of this research was to better understand how water moves through
a stratified substrate system during an individual irrigation event and the subsequent influence
stratified systems have on effectively retaining and releasing water, even under dry conditions.
Therefore, three objectives were developed for the study, including 1) monitor water entry,
movement, and exit by mass balance under stratified and non-stratified systems 2) investigate
how root systems occupying substrate pores influences water movement and 3) determine the
differences in hydration of stratified and non-stratified systems when initiated at various
moisture contents. It was hypothesized that stratified substrates will increase the resonance time
water travels though the substrate due to the fine particle strata in the upper half of the container.
The authors further hypothesized that stratified substrates would improve the substrates moisture
retention under cyclic irrigation scheduling.
4.2. Materials and Methods
4.2.1. Substrate Preparation
Pine bark used in this study was aged approx. nine months and locally sourced (Phillips
Bark Processing Co.; Brookhaven, MS, U.S.). Micromax (Micromax G90505; ICL Specialty
Fertilizer; Dublin, OH) and dolomitic lime (Lime-Rite Pelletized Dolomitic Lime, Roswell, GA)
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were incorporated into the bark at 0.89 kg m-3 and 1.77 kg m-3, respectively. Thereafter, the bark
was fractionated by passing through a continuous flow screen (CF-1; Gilson Company Inc.
Model; Lewis Center, OH, U.S.) fitted with a 6.3 mm aperture screen, set to 569 revolutions per
minute, and screen level was maintained at 5° inclined slope throughout the experiment. The
bark particles were processed through the screen at a rate of 0.012 m3 min-1, and the process was
stopped every 10 min to remove debris from screen. The initial mass wetness at the time of
screening was gravimetrically determined and was 1.86 g g-1 ± 0.06 SD. Two receptacles were
utilized to separately collect the particles that did not pass through either the screen (coarse bark)
and the particles that passed through the screen (fine bark). This process was continued until a
total of 0.05 m3 coarse bark particles and 0.05 m3 of fine bark particles were collected. Multiple
subsampling of the screened particle resulted in a 3:5 ratio fines:coarse (by vol.) and a 4:5 ratio
fines:coarse (by mass). In addition, 0.1 m3 of unscreened pine bark was collected to serve as the
control substrate. Each substrate was sealed in plastic bags to prevent moisture loss.
4.2.2. Physical Properties
Static physical properties, including air space (AS), container capacity (CC), total
porosity (TP), and bulk density (Db), were measured via porometer analysis of three replicates
per substrate as described by Fonteno and Harden (2010). Additionally, particle size distribution
of each substrate was then evaluated by passing three 100 g dry replicates of each substrate
through a Ro-Tap shaker (Rx-29; W.S. Tyler, Mentor, OH, U.S.A) for exactly five min with a
column of stacked sieves with aperture sizes of 6.30, 2.00, 0.71, 0.50, 0.25, and 0.11 mm and a
catch pan at the bottom. Additionally, entire substrate profiles (non-stratified and stratified) were
also dried at 105 ℃ and analyzed for its particle size distribution. Particles remaining on each
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sieve after agitation were weighed and compiled into four size classifications: extra-large (> 6.3
mm), large (2.00 - 6.3 mm), medium (2.00 - 0.71 mm) and fines (< 0.71 mm).
4.2.3. Rooted Treatments
Twenty 2.4 L containers (300CS; Nursery Supplies, Kissimmee, FL, U.S.A) were filled
with the control bark. Twenty additional containers were stratified, wherein the bottom half
(50%) of the container was filled with coarse bark and the upper half (remaining 50%) was filled
with fine bark. For all rooted treatments, Zinnia hybrida ‘Profusion Double Hot Cherry’ seeds
(Park Seed, Greenwood, SC, USA) were sown in a standard 96 cell plug tray and grown until the
seedling roots fully explored the plug. Thereafter, the seedlings were transplanted on 29, April
2021 into both the containers filled with control substrate (non-stratified) and in containers filled
with the stratified substrate system, for a total of 20 planted containers per substrate treatment.
Before the plug was transplanted, the roots were slightly disrupted to promote root growth. The
plants were allowed to grow for 62 d until root exploration had occurred. Plants were hand
watered evenly. Crops were fertilized every 14 d with liquid fertilizer (20N-20P2O4-20K2O;
Peters Professional, Summerville, SC) at a rate of 2.89g L-1 to attain an EC of approx. 2.50 mS
cm-1.
4.2.4. Hanging Lysimetry
A hanging lysimeter system was designed and utilized for this research study. A frame
was constructed of Superstrut (ABB Products, Memphis, TN, USA; Fig. 4.1.) and was connected
by standard bolts. Three hanging lysimeters were constructed by hanging low-profile
tension/compression load cells (MLP-25; Transducer Techniques, Temecula, CA, USA) from the
Superstrut frame via I-bolts (1/4”-28; McMaster-Carr, Atlanta, GA, USA). Three model
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containers were created by punching standard aluminum grommets within the inner lip of the
container on exactly opposing sides. Aluminum hooks were connected to each other, and the
hooks were inserted to the grommets 27.9 cm from the I-bolt. Hooks were hung around a
standard plastic Buchner funnel and to ensure that the hooks do not touch the funnel, an
aluminum bar was connected to opposing sides of the hooks (Fig. 4.1.). The Buchner funnel was
bolted to another piece of Superstrut and leveled. Below each hanging container, a cantilever
style lysimeters was constructed with a beam load cell (LSP-10; Transducer Techniques,
Temecula, CA, USA) centered between two 19.1 cm × 19.1 cm standard acrylic plates. A plastic
basin was placed on top of the load cell to collect leachate from the suspended container.

Figure 4.1. Dual-Lysimeter device configuration as a figurative image of constructed device.

All sensors were connected to a data logger (CR1000X; Campbell Scientific, Logan UT,
US) with readings collected every 2 sec on PC400 (Campbell Scientific, Logan UT, US). All
sensors were calibrated by placing three separate known masses on each load cell and plotting a
regression line of the output. The slope equation was attained and inputted into the program.
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4.2.5. Initial Volumetric Water Content
Prior to analysis within the hanging lysimetry system, the substrates were dried to one of
three initial VWC. For effective container capacity (eCC) initial conditions, the substrates were
not initiated at a targeted volumetric water (VWC); however, the initial substrate VWC averaged
at 24% ± 3 SD (n=12). The flagging treatment were measured at first sign of flagging (Ɵf) were
targeted to have a VWC of approx. 20%; however, average of the Ɵf VWC was 18% ± 0.01 SD
(n=24). In the dry (Ɵd) substrate treatments, the authors targeted a VWC of approx. 10%;
however, average VWC for Ɵd treatments was 11% ± SD (n=24). The eCC and Ɵf treatments
consisted of rooted (root explored profile) and fallow (no roots within profile) profiles, whereas
the Ɵd consisted only of fallowed. For fallowed non-stratified treatments, conventional bark was
filled in a 2370 mL container, filled to a known substrate volume of 1942 mL, emptied, and
placed on trays to dry. The trays were air-dried until a targeted VWC was reached. Each
respective treatment was placed on the system and hydrated. Trays were filled separately with
fine bark and coarse bark and continuously weighed, once the substrate was deemed the approx.
targeted weight, a stratified profile was constructed in the model container and reweighed. Once
the correct weight was attained, the samples were placed upon the system, irrigated, and data was
collected.
4.2.6. Irrigation
To determine the quantity of irrigation used in this study, irrigation to all crops ceased
until plants showed initial signs of flagging. Once flagging occurred, each container was
weighed and then heavily watered three times to ensure effective container capacity was
achieved. Containers were reweighed after 1 h to allow for drainage to eCC. The difference in
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weight was calculated and estimated to be an approximate quantity of available water (Raviv and
Lieth, 2008). The difference in weight was calculated to be 361.9 g ± 33.1 SD (n=12). Three
hundred and sixty-two mL of water, which equates to 15% of the container volume (2370 mL),
was selected to be the quantity of the irrigation application for this study, where 360 mL was
utilized in single application (Is) and 3 x 120 mL applications were utilized in for cyclic
application (Ic).
Prior to any irrigation, containers were leveled and suspended for 5 min to limit any
movement. In eCC initial conditions, the substrate was irrigated three times, 15 min apart, with
an 853 mL pulse of water (80% of 1066 mL). After the final pulse of water, 1 h was waited and a
1066 mL pulse of water (container volume × CC of conventional bark; 2370 mL × 45%) was
applied to the substrate. The data logger continued to collect data for 30 min to allow the
substrate to drain all remaining gravitational water.
In the Is treatments, substrates were irrigated one pulse of 360 mL, allowed to drain for
15 min, and then irrigated with 1750 mL (effective pulse) [(2.1 × substrate volume × CC of
conventional bark; 2.1 × 1942 mL × 43%] to bring the substrate to the effective container
capacity. The substrate was then allowed to drain for 30 min while data continued to be
collected.
In Ic treatments, three, 120 mL were irrigated every 15 min. After the final 120 mL pulse
of water, substrate was allowed to drain again for 15 min and the effective pulse water was
introduced to the substrate which was allowed to drain for 30 min while simultaneously
collecting data.
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4.2.7. Data Analysis
The mass balance data collected was normalized per treatment prior to statistical
analyzation. All irrigation timings were offset for each lysimeters’ independent variable
(seconds) so that each irrigation began in unison. This was completed to control the difference in
time between opening each of the valves and remove any human error from the system.
The slope equation for substrate hydration was calculated as the slope value between
irrigation initiations to the time leachate was first observed and, in the basin lysimeter. The basin
slope equation was calculated from the first measurement of leachate until the slope began to
decline. The authors used a minimum number of three observation values for the slop equation,
with no maximum. Additionally, every n value in section 4.3.2 equates to 2 seconds and will be
referred to hereafter as ‘resonance time’.
The data presented in tables with associated statistics were analyzed in JMP Pro (15.1.0;
SAS Institute, Inc.; Cary, NC, U.S.) utilizing Tukey’s Honestly Significant Difference (α = 0.05)
to separate means across three substrates (Table 4.1.). Analysis of variance (ANOVA) was
further utilized to determine any statistically significant differences between the means of the
substrate static physical properties and particle size fractions based on dry mass. Additionally,
standard error amongst sample mean within (Table 4.2.-4) was calculated via Microsoft Excel
(Redmond, WA, USA).
4.3. Results and Discussion
4.3.1. Substrate Physical Properties
The CC of conventional bark and coarse bark were lower than the recommendations used
for horticultural substrates by 0.02 cm3 cm-3 and 0.07 cm3 cm-3, respectively (0.45 - 0.65 cm3 cm129
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; Bilderback et al., 2013; Table 4.1.). However, fractioning bark particle diameter smaller than

6.3 mm increased substrate water retention by 0.07 cm3 cm-3 when compared to conventional
bark (Table 4.1.). Fine bark particles have been shown to increase the proportions of smaller
diameter pores, increasing CC as shown in (Table 4.1.; Nkongolo and Caron, 1998). Increasing
the percentage of bark particles larger than 6.3 mm reduces the ability of the substrate to
effectively retain water (Table 4.1.). As a result of stratified system herein, the upper strata held
more water due to fine particle placement and in the lower strata, drainage was increased due to
coarse particle placement. Whereas in conventional systems, this water gradient is often inverted.
All substrates utilized in this research were at the upper threshold or greater in AS than
the recommend substrate physical property guidelines presented by Bilderback et al. (2013; 0.100.30 cm3 cm-3; Table 4.1.). Fine bark and conventional bark shared similar AS (Table 4.1.).
Whereas coarse bark AS was 0.12 cm3 cm-3 greater than conventional bark (Table 4.1.). Coarse
bark was chosen to reduce water holding capacity in the lower 50% of the container profile
(Fields et al., 2021). Coarse particles increase the proportion of gravitational pores and
consequently decrease water retention (Bilderback and Jones, 2001; Mathers et al, 2005). Large
substrate pores are primarily interaggregate spaces which can support rapid infiltration of water
and solutes and subsequently, increase drainage and AS (Raviv and Lieth, 2008). The total
porosity of fine bark was similar to both conventional bark and coarse bark, whereas
conventional bark and coarse bark were different (P = 0.0320; Table 4.1.). Total porosity is
associated to the structure, size, and array of the growing medium particles (Wallach, 2008) and
may be inversely related to Db (Bunt, 1984) as exhibited in coarse bark (Table 4.1.).
Non-stratified substrate whole profiles were similar to conventional bark within the extralarge particle classification (Table 4.1.; Fig. 4.2.). Alternatively, coarse bark had the greatest
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Table 4.1. Static physical properties and particle size distribution.

Particle size distribution b

Static Physical Properties a

Substrate

Containe
r capacity
cm3 cm-3

Air space

Total
porosity

Bulk
density

cm3 cm-3

cm3 cm-3

g cm-3

Extra
Large
(>6.3 mm)
g g-1

Large

Medium

Fines

(6.3 mm–2.00
mm)

(2.000.71 mm)
g g-1

(<0.71 )mm

-1

gg

g g-1

Conventional bark

0.43 b c

0.35 b

0.77 b

0.17 a

0.27 b

0.43 b

0.17 c

0.14 a

Fine bark

0.50 a

0.33 b

0.83 ab

0.17 a

0.00 d

0.50 a

0.33 a

0.17 a

Coarse bark

0.38 b

0.47 a

0.85 a

0.15 b

0.45 a

0.42 bc

0.06 d

0.07 b

P-value d

0.0023

0.0041

0.0320

0.0037

<0.0001

<0.0001

<0.0001

<0.0001

a

Measured via porometer analysis. Total porosity = minimum air space (AS; minimum air-filled porosity after free drainage)+
maximum water holding (container capacity; CC; maximum water holding capacity after free drainage).
b
Percent of particle dry weight occupying extra-large > 6.3 mm, large > 2.00 mm, Medium > 0.71 mm, and fines < 0.71 mm.
c
Letters denote detected differences among means of three substrates (conventional bark, fine bark, and coarse bark) utilizing Tukey’s
HSD (α = 0.05).
d
Measures of overall treatment effects utilizing ANOVA analysis with a significance value of (α = 0.05).
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percentage of extra-large particles, indicative of the screening process and purposeful
partitioning. The stratified system was similar coarse bark and non-stratified profiles in large
particle percentages (Table 4.1; Fig. 4.2.). All substrates were different in medium particle
classification (P<0.0001), where fine bark had the greatest proportion and coarse bark had the
least. Additionally, coarse bark had the least bark fines when compared to other substrates (Table
4.1.).
The non-stratified profile had 8% greater proportions of extra-large particles than the
stratified system did (Fig. 4.2.). However, the stratified profile contained greater quantities of
large, medium, and fine particles (i.e., <6.3 mm; Fig. 4.2.).

Figure 4.2. Particle size distribtion curve of entire susbtrate profiles
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4.3.2. Mass Balance Measurements
The substrates used in this study all followed visually similar water kinetics. For both
non-stratified and stratified eCC treatments, the VWC minimally increased (~2%) 15 min after
the single irrigation and remained having a steady VWC after the effective pulse was irrigated to
the substrate (Table 4.2.). All substrates within initiated at eCC were irrigated while already at
effective container capacity, which can be attributed to the minute and marginal change and
deviation in substrate pore air/water ratio.
Effective container capacity treatments are illustrated in (Fig. 4.3.). For Is at eCC initial
conditions, the fallowed treatments hydrated more than rooted treatments (Fig. 4.3.). All
substrates were untouched/unirrigated prior to initial irrigation, where there was a 468 g increase
from steady conditions to peak weight in non-stratified fallow substrates, having a final resting
weight of 1241 g (Fig. 4.3.). Similarly, non-stratified rooted treatments were marginally reduced
in hydration due to root exploration occupying substrate pores; where peak weight increased 30 g
less than fallow treatments did and had a resting weight of 1169 g, presumed to be at eCC (i.e.,
all gravitational drainage has occurred; Fig. 4.3.). The stratified fallow treatment within eCC had
the greatest increase to peak weight amongst the other substrate treatments (562 g increase) and
was practically identical in eCC (1170 g) with non-stratified rooted substrates after all free
drainage occurred (Fig. 4.3.). Stratified rooted treatments had the least hydration, with a 410 g
increase to peak weight from steady conditions and an ultimate effective container capacity
weight of 989 g (Fig. 4.3.). This can be a result of root growth occupying the upper 50%
substrate pores, resulting in quick channeling at the upper regions of the container, and the
coarse bark in the lower 50% continued the quick release of infiltrating water.
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Figure 4.3. Monitoring water movement via dual-lysimetry at effective container capacity (eCC).
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Table 4.2. Differentials in substate volumetric water content (VWC).
Substrate
treatment

Irrigation
treatment a

Rooted/
Fallow b

Initial
Moisture
Content c

Irrigation
Pulses
(cyclic
application
only) d

Initial
VWC

(%) e
NonStratified

Single
Application

Cyclic
Application

Rooted

eCC

NA

39.3% ± 1.2

Effective
Container
Capacity

Difference
in actual
CC to eCC

Difference in
Time from Water
entry to Exit

(%) g

(mL) h

(sec) i

41.1% ± 0.0

41.1% ± 0.9

-

6.0 ± 0.0

(%)

f

j

Fallow

eCC

NA

44.6% ± 1.2

45.8% ± 0.0

45.8% ± 1.2

-

8.0 ± 0.0

Rooted

Ɵf

NA

18.9% ± 1.6

23.1% ± 3.8

30.8% ± 4.3

148.80 ± 11.36

4.0 ± 2.0

Fallow

Ɵf

NA

18.6% ± 0.5

28.2% ± 3.4

40.5% ± 1.3

239.33 ± 42.66

7.3 ± 2.3

Rooted

Fallow

Ɵd

NA

9.0% ± 0.8

13.5% ± 1.4

20.9% ± 2.9

144.0 ± 28.62

5.3 ± 1.2

Ɵf

Pulse1

14.3% ± 1.8

16.9% ± 1.7

-

178.1 ± 31.9

3.3 ± 1.2

Pulse2

-

19.0% ± 1.9

-

137.1 ± 28.8

5.3 ± 1.2

Pulse3

-

20.6% ±2.1

26.1% ± 3.3

106.7 ± 24.7

5.3 ± 1.2

Pulse1

17.4% ±1.9

21.2% ± 2.5

-

Pulse2

-

25.5% ± 2.9

-

Ɵf
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VWC 15
min After
Each
Irrigation

338.0 ±
42.0
225.0 ± 33.1

7.3 ± 1.2
8.0 ± 0.0

Substrate
treatment

Irrigation
treatment a

Rooted/
Fallow b

Initial
Moisture
Content c

Irrigation
Pulses
(cyclic
application
only) d

Initial
VWC

VWC 15 min
After Each
Irrigation

Effective
Container
Capacity

Difference in
actual CC to
eCC

(%) f

(%) g

(mL) h

(sec) i

(%) e

Ɵd

Stratified

Single
Application

Cyclic
Application

Pulse3

-

29.0% ± 0.3

38.6% ± 4.5

186.3 ± 27.1

10.7 ± 3.1

Pulse1

12.5% ± 2.6

15.6% ± 3.4

-

246.2 ± 61.1

6.0 ± 0.0

Pulse2

-

19.0% ±4.5

-

180.9 ± 39.5

4.0 ± 0.0

Pulse3

-

21.5% ± 5.1

28.3% ± 6.4

131.7 ± 28.3

6.0 ± 0.0

Rooted

eCC

NA

32.4% ±1 .4

34.8% ± 0.0

34.8% ± 1.7

-

7.3 ± 1.6

Fallow

eCC

NA

40.5% ± 2.6

42.2% ± 0.0

42.2% ± 2.6

-

10.7 ± 1.2

Rooted

Ɵf

NA

13.8% ± 0.1

16.9% ± 1.0

20.7% ± 1.1

73.7 ± 13.5

4.7 ± 1.2

Fallow

Ɵf

NA

18.9% ± 0.5

29.3% ± 0.5

39.7% ± 1.9

202.0 ± 29.6

4.7 ± 2.3

Ɵd

NA

12.4% ± 0.8

19.4% ± 1.3

25.9% ± 3.3

126.7 ± 37.9

8.7 ± 4.2

Ɵf

Pulse1

15.7% ± 0.2

18.4% ± 0.5

-

184.5 ± 21.2

4.0 ± 0.0

Pulse2

-

20.5% ± 0.7

-

143.9 ± 19.8

7.33 ± 2.3

-

Pulse3

-

22.2% ± 0.9

27.9% ± 1.4

110.5 ± 16.7

6.66 ± 3.1

Ɵf

Pulse1

21.6% ± 1.0

22.0% ± 0.3

-

343.3 ± 22.3

6.7 ± 1.2

Pulse2

-

26.4% ± 0.2

-

258.0 ± 23.5

14.7 ± 3.1

Pulse3

-

29.7% ± 0.5

39.7% ± 1.5

193.7 ± 18.6

14.7 ± 1.2

Rooted

Fallow
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Difference in
Time from
Water entry to
Exit

Substrate
treatment

Irrigation
treatment a

Rooted/
Fallow b

Initial
Moisture
Content c

Irrigation
Pulses
(cyclic
application
only) d

Initial
VWC

VWC 15 min
After Each
Irrigation

Effective
Container
Capacity

Difference in
actual CC to
eCC

(%) f

(%) g

(mL) h

Difference in
Time from
Water entry to
Exit
(sec) i

(%) e
Ɵd

Pulse1

12.0% ± 1.6

14.4% ± 2.2

-

126.7 ± 37.9

8.7 ± 4.2

-

Pulse2

-

17.4% ± 3.0

-

182.4 ± 41.0

11.3 ± 5.0

-

Pulse3

-

20.1% ± 3.7

26.8% ± 5.1

131.6 ± 28.0

4.7 ± 1.2

Two irrigation treatments, where single application was a singular, large pulse of water (1x, 360 mL for Ɵf and Ɵd; 1066 mL for
eCC) and a cyclic application (3x, 120 mL).
b
Substrate profiles were either root explored (rooted) or contained no roots (fallow).
c
Substrates were initiated at a particular moisture content. Where effective container capacity (eCC) had no targeted moisture content,
Ɵf were air-dried down to a targeted 20% VWC and Ɵd were further air-dried down to a targeted 10% VWC. VWC was calculated by
(substrate wet weight – substrate dry weight /substrate volume).
d
Cyclic application irrigation received three, shallow pulses whereas single application only received one pulse.
e
Actual substrate initial moisture content immediately prior to study initiation.
f
Substrate VWC 15 min after each irrigation. VWC was calculated by (substrate wet weight – substrate dry weight /substrate volume).
g
Effective container capacity (eCC) represents the VWC after a large pulse of water (effective pulse; 1750 mL) after irrigation
treatments were completed. VWC was calculated by (substrate wet weight – substrate dry weight /substrate volume).
h
The difference (in mL) from substrate container capacity (CC) 15 min after each irrigation application (or pulse) and 15 min after the
effective pulse.
i
This depicts how long water took to move throughout the substrate profile.
j
The standard deviation amongst three samples per SD value.
a
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Table 4.3. Slope equation, regression line, and R2 values amongst treatments.
Substrate

Irrigation a

Rooted
/
Fallow

Initial
Moisture
Content c

b

NonStratified

Single
Application

Single
Application

Cyclic
Application

Irrigation
Pulses

Slope
Hanging e

R2 g

4.0 ± 0.0

0.99 ± 0.00

Slope Basin h

ni

R2 j

52.4 ± 17.0

8.0 ± 3.5

0.97 ± 0.03

(Cyclic
Application
Only) d
43.5 ± 8.7 k

Rooted

eCC

NA

Fallow

eCC

NA

47.7 ± 18.6

6.0 ± 0.0

0.99 ± 0.00

54.6 ± 17.2

7.7 ± 3.1

0.97 ± 0.03

Rooted

Ɵf

NA

34.2 ± 6.6

3.7 ± 0.6

0.98 ± 0.01

28.1 ± 3.1

4.0 ± 1.0

0.99 ± 0.01

Fallow

Ɵf

NA

38.2 ± 6.6

5.0 ± 1.0

0.97 ± 0.00

12.2 ± 5.9

4.0 ± 1.0

0.99 ± 0.01

Ɵd

NA

37.1 ± 2.3

3.7 ± 0.6

0.96 ± 0.05

28.3 ± 1.2

3.3 ± 0.6

0.99 ± 0.01

Ɵf

Irrigation1

13.4 ± 2.3

3.0 ± 0.0

0.82 ± 0.15

3.3 ± 1.3

5.3 ± 2.5

0.99 ± 0.03

Irrigation2

16.2 ± 1.6

3.3 ± 0.6

0.92 ± 0.08

4.1 ± 1.2

5.0 ± 2.6

0.97 ± 0.03

Irrigation3

12.7 ± 1.6

3.7 ± 0.6

0.81 ± 0.04

4.1 ± 1.0

5.0 ± 2.6

0.97 ± 0.03

Rooted
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nf

Substrate

Irrigation a

Rooted
/
Fallow

Initial
Moisture
Content c

b

Fallow

Ɵf

Ɵd

Stratified

Effective
Saturation

Single
Application

Cyclic
Application

Slope
Hanging e

nf

R2 g

Slope Basin h

ni

R2 j

Irrigation1

10.6 ± 1.0

4.7 ± 0.6

0.79 ± 0.02

3.6 ± 1.6

4.0 ± 1.0

0.99 ± 0.00

Irrigation2

12.4 ± 4.6

4.3 ± 0.6

0.85 ± 0.07

1.4 ± 0.5

8.3 ± 3.1

0.86 ± 0.03

Irrigation3

8.1 ± 2.3

6.3 ± 1.5

0.71 ± 0.09

0.9 ± 1.9

16.7 ±
3.5

0.94 ± 0.02

Irrigation1

12.5 ± 1.1

4.0 ± 0.0

0.82 ± 0.09

4.5 ± 1.4

3.3 ± 0.6

0.99 ± 0.01

Irrigation2

11.8 ± 6.7

4.3 ± 1.5

0.74 ± 0.16

3.4 ± 1.4

4.0 ± 0.0

0.99 ± 0.0

Irrigation3

10.4 ± 0.8

4.0 ± 0.0

0.71 ± 0.09

3.9 ± 0.7

3.0 ± 0.0

0.99 ± 0.00

Irrigation
Pulses
(Cyclic
Application
Only) d

Rooted

eCC

NA

35.0 ± 3.0

4.3 ± 1.2

0.98 ± 0.02

53.6 ± 13.3

8.0 ± 3.5

0.97 ± 0.03

Fallow

eCC

NA

38.6 ± 0.5

6.3 ± 0.6

0.99 ± 0.00

44.9 ± 8.2

7.7 ± 2.9

0.98 ± 0.02

Rooted

Ɵf

NA

28.1 ± 6.9

3.3 ± 0.6

0.95 ± 0.07

26.5 ± 3.4

4.7 ± 0.6

0.99 ± 0.01

Fallow

Ɵf

NA

46.1 ± 15.2

4.3 ± 1.2

0.98 ± 0.02

10.9 ± 1.6

3.7 ± 0.6

0.99 ± 0.00

Ɵd

NA

33.5 ± 2.3

3.7 ± 0.6

0.96 ± 0.02

14.7 ± 4.3

4.7 ± 1.2

0.97 ± 0.03

Ɵf

Irrigation1

14.5 ± 6.2

3.0 ± 0.0

0.85 ± 0.12

4.2 ± 2.2

5.3 ± 3.2

0.98 ± 0.01

Irrigation2

10.6 ± 6.1

4.7 ± 1.2

0.66 ± 0.34

3.8 ± 1.4

5.7 ± 2.1

0.98 ± 0.01

-

Irrigation3

11.0 ± 5.6

4.3 ± 1.5

0.68 ± 0.30

5.1 ± 2.4

5.3 ± 2.5

0.98 ± 0.01

Ɵf

Irrigation1

11.5 ± 2.2

4.3 ± 0.6

0.81 ± 0.08

1.9 ± 0.9

3.3 ± 0.6

0.94 ± 0.05

Rooted

Fallow
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Substrate

Irrigation a

Rooted
/
Fallow

Initial
Moisture
Content c

b

Ɵd

Irrigation
Pulses

Slope
Hanging e

nf

R2 g

Slope Basin h

ni

R2 j

(Cyclic
Application
Only) d
Irrigation2

5.6 ± 2.21

8.7 ± 1.5

0.65 ±
0.10

0.6 ± 0.1

9.0 ± 0.0

0.98 ± 0.02

Irrigation3

5.2 ± 1.43

8.7 ± 1.5

0.65 ± 0.08

0.7 ± 0.1

15.0 ±
0.0

0.97 ± 0.02

Irrigation1

6.6 ± 4.16

5.3 ± 1.5

0.66 ± 0.26

3.6 ± 2.7

3.6 ± 1.2

0.95 ± 0.06

Irrigation2

11.1 ± 4.38

4.3 ± 1.2

0.74 ± 0.13

3.9 ± 0.1

4.3 ± 1.5

0.98 ± 0.02

Irrigation3

0.5 ± 0.43

6.3 ± 0.6

0.48 ± 0.05

2.7 ± 1.2

5.0 ± 1.0

0.97 ± 0.01

Two irrigation treatments, where single application was a singular, large pulse of water (1x, 360 mL for Ɵf and Ɵd; 1066 mL for eCC) and a cyclic application
(3x, 120 mL).
b
Substrate profiles were either root explored (rooted) or contained no roots (fallow).
c
Substrates were initiated at a particular moisture content. Where effective container capacity (eCC) had no targeted moisture content, Ɵf were air-dried down to
a targeted 20% VWC and Ɵd were further air-dried down to a targeted 10% VWC. VWC was calculated by (substrate wet weight – substrate dry weight
/substrate volume).
d
Cyclic application irrigation received three, shallow pulses whereas single application only received one pulse.
e
Calculated slope from the hanging lysimeter values. Slope equation was attained through Microsoft Excel.
f
Quantity of values used to attain hanging lysimeter slope equation. Number of values were visually selected until hanging lysimeter
showed sign of initial decent in weight. Each n value equates to 2 seconds (resonance time).
g
Computed regression line R2 value from the same values used from the hanging lysimeter slope equation.
h
Calculated slope from the basin lysimeter values. Slope equation was attained through Microsoft Excel.
i
Quantity of values used to attain basin lysimeter slope equation. Number of values were visually selected until hanging lysimeter
showed sign of initial decent in weight.
j
Computed regression line R2 value from the same values used from the basin lysimeter slope equation.
k
Standard deviation amongst the n values used.
a
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Table cont’d.

In Is at eCC initial conditions, the non-stratified fallow substrate held more water for
longer than the rooted non-stratified substrate system did (i.e., fallow substrate had a greater
slope and greater resonance time than rooted non-stratified systems; Table 4.3.). This pattern was
similar for stratified eCC initial condition treatments as well; however, the non-stratified system
had a greater slope for both fallow and rooted treatments than the stratified treatments did (Table
4.3.). This can be a result of the maximized drainage properties of the stratified substrate system
in the lower 50% of the container.
Both non-stratified and stratified treatments continued to visually follow comparable
patterns of water movement and VWC flux within Ɵf treatments. Water traveled through rooted
treatments quicker than fallowed treatments under Ɵf initial conditions within Is irrigation.
Altland et al. (2011) and Hoskins et al. (2014c) stated plant roots can modify substrate physical
properties which will consequently influence water movement through a tortious substrate. It is
possible that plant roots occupied larger substrate pores when exploring the profile; thus, creating
more homogeneous pore sizes and a web of easy pathways for water to quickly infiltrate through
(Nash and Laiche, 1981). Root and shoot dry mass values are reported in (Table 4.4.). There was
no significance within the comparison of means; however, this is confirmation that all rooted
treatments were similar and uniform in root density, allowing for accurate and relative results
(Table 4.4.). Mutually, within Ɵf conditions under Is scheduling, both stratified and non-stratified
rooted treatments attained a lower VWC when compared to their respective fallowed treatments
after both the single application and the effective pulse (Table 4.2.). This can be attributed to the
quicker flux of water through the profile, not allowing ample time for water to redistribute
laterally and retain more water within the substrate pores. The stratified system hydrated better
and ultimately retained more water than non-stratified systems did with a single application of
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irrigation within Ɵd conditions (Table 4.2.). Additionally, after the effective pulse, the stratified
system held more water than the non-stratified substrate did at Ɵd conditions (Table 4.2.).
Table 4.4. Zinnia hybrida ‘Profusion Double Hot Cherry’ Root and Shoot Dry
Weights.

Substrate

Irrigation a

Initial
Moisture
Content b

Shoot Dry
Weight

Root Dry
Weight

(g) c

(g) d

Non-stratified

Single Application

Ɵf

5.0 ± 0.6 a

4.9 ± 0.5 a

Non-Stratified

Cyclic Application

Ɵf

4.3 ± 1.3 a

4.2 ± 0.6 a

Non-Stratified

Single Application

eCC

4.4 ± 0.7 a

3.6 ± 0.8 a

Stratified

Single Application

Ɵf

4.3 ± 0.5 a

4.3 ± 0.4 a

Stratified

Cyclic Application

Ɵf

4.4 ± 0.2 a

5.0 ± 0.7 a

Stratified

Single Application

eCC

4.3 ± 0.8 a

4.4 ± 0.8 a

a

Two irrigation treatments, where single application was a singular, large pulse of water
(1x, 360 mL for Ɵf and Ɵd; 1066 mL for eCC) and a cyclic application (3x, 120 mL).
b
Substrates were initiated at a particular moisture content. Where effective container
capacity (eCC) had no targeted moisture content, Ɵf were air-dried down to a targeted
20% VWC and Ɵd were further air-dried down to a targeted 10% VWC. VWC was
calculated by (substrate wet weight – substrate dry weight /substrate volume).
c
Plant shoot were destructively removed from roots immediately before initiation, dried
at 73℃ for 8 d, and weighed.
d
Plant roots were destructively removed from their respective shoots immediately before
initiation and remained untouched during the study. Once all data was collected, substrate
particles were cleaned from roots, dried at 73℃ for 8 d, and weighed.
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To expand further, in the Ɵd treatments, water traveled quicker through the non-stratified
profiles and longer in stratified systems than it did in Ɵf conditions (Table 4.2.). However, the
stratified substrate initiated at Ɵd moisture conditions within Is scheduling was initiated at a
slightly greater VWC (Table 4.2.) which may explain why water took marginally longer to
infiltrate through the profile. It was observed in sandy soils, drier conditions enable water to flow
more rapidly than in wetter conditions (Liu et al., 1994; Bauters et al., 2000). Additionally,
Hoskins et al. (2014b) observed a similar trend, where water moved quicker in drier regions of
pine bark than in wetter regions. In dry bark-based substrates, preferential flow can be observed
to a greater degree within hydrophobic conditions.
Both non-stratified and stratified fallow Ɵf and Ɵd had greater slopes than non-stratified
and stratified rooted Ɵf and Ɵd within Is irrigation (Table 4.3.). Nevertheless, the resonance time
of water flux to infiltrate through each substrate were similar, whereas the non-stratified and
stratified fallowed Ɵf conditions had greater resonance time than in Ɵd treatments. This provides
further affirmation that the initial moisture content prior to irrigation influences water movement
through a substrate (Fields et al., 2014). In this case within Is scheduling, the non-stratified rooted
and fallow Ɵf treatments were irrigated at similar initial VWC, both being greater in initial VWC
than the non-stratified fallowed substrates within Ɵd conditions. Whereas the stratified fallow Ɵf
substrates were irrigated at the greatest initial VWC when compared to stratified rooted Ɵf and
fallow Ɵd treatments (Table 4.2.). It was also apparent that substrates with the greater VWC or
did not have a root system present (fallowed) allowed for water to be redistributed more evenly
through the system (Bilderback and Jones, 2001) as opposed to quick channeling and water exit
in dryer or rooted conditions.
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To continue, in the Is with Ɵf conditions, after the effective pulse, the non-stratified
fallowed substrate effective container capacity was the greatest amongst the other substrates
(Fig. 4.4.A). The non-stratified rooted substrate again had a reduction in hydration when
compared to non-stratified fallowed substrate (Fig. 4.4.A). Alternatively, the stratified fallowed
treatment had the greatest increase in hydration (Fig. 4.4.A). Both the non-stratified rooted
treatments and the stratified fallow treatments had parallel effective container capacities (Fig.
4.4.A). Similar to initial eCC treatments, stratified rooted substrates had the least weight increase
in Ɵf initial conditions (176 g; Fig. 4.4.A). Moreover, the stratified rooted substrate had only 74
g difference in actual container capacity to effective container capacity (Fig. 4.4.A). Thus, the
stratified rooted treatment under Ɵf conditions was the closest to reach maximum hydration
relative to other substrate treatments.
Within Is initiating substrate moisture content at Ɵd, both non-stratified and stratified
fallowed substrates began at almost identical weights and hydrated to similar peak values;
however, stratified substrate systems allowed for significantly more water retention than nonstratified systems did (Fig. 4.5A). Water also moved quicker in the non-stratified profile than the
stratified system (Table 4.2.). This may allude that stratified substrates possibly have the ability
to rehydrate better than non-stratified systems and might limit the quantity of water that quickly
channels through dry profiles (<15% VWC; Table 4.2.).
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Figure 4.4. Monitoring water movement via dual-lysimetry at flagging moisture contents
(targeted volumetric water content of 20%).
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Analogous to Is treatments, both substrate treatments continued were visually similar in
water movement and VWC flux under Ic scheduling (Table 4.2.). Within the rooted treatments in
Ic, there is a greater increase in VWC after the first irrigation pulse than the others; however,
both substrates had a gradual increase in VWC with each subsequent pulse of water (Table 4.2.).
Both rooted non-stratified and stratified treatments in Ic had similar VWC at eCC (Table 4.2.).
Non-stratified fallowed Ɵf and Ɵd in Ic scheduling hydrated more after the three irrigation pulses
and also the effective pulse when compared stratified substrates in the same treatments (Table
4.2.).
In Ic with both substrates, there was a visually identified pattern that the slope of the
hydration was lesser in the third irrigation pulse than in the initial pulse (Table 4.3.).
Alternatively, the resonance time increased with each successive irrigation (Table 4.3.). This is
further validation that water follows a common tendency to move more gradually, slower, and
more uniformed in wetter regions than in dryer regions (Liu et al., 1994; Bauters et al., 2000;
Hoskins et al., 2014c). Intriguingly, within the non-stratified fallow Ɵf and stratified fallow Ɵd
under Ic, the second irrigation pulse increases in slope and declines in resonance time, but
immediately is inverted during the third pulse with a decline in slope and increase in resonance
time (Table 4.3.). Perhaps during the first irrigation, there was channeled flow which resulted in
water to quickly move down the identical path in the second pulse. Yet, after two irrigation
pulses, the substrate had 30 min to redistribute water evenly though the profile, and the final
pulse slowed the flux of water, attributing to a lower slope and an increase in resonance time
(Table 4.3.).
Growers may increase the proportion of sand or fine particles in their growing substrates
to decrease the infiltration rate because the longer it takes for water to move through a substrate,
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the more thorough the wetting can be achieved (Bilderback and Jones, 2001). This introduces the
term tortuosity, where it is defined as the ratio of the average roundabout path to the flow path
(Hillel, 2004); or in other words, the ratio of the path (length) water moves through a porous
media to the length of the respective substrate. Tortuosity has been positively related to the
porosity and the influence that particle arrangement has on soils tortuosity has been empirically
considered (Zhang et al., 2020). It was observed that tortuosity is decreased as particle size
increased (Zhang et al., 2020). This is vital due to fine bark particles having significantly smaller
particle diameter than coarse bark, possibly resulting in more lateral water redistribution and
more tortuous paths. Therefore, as the initial irrigation increased the substrates VWC, the wetting
front was more uniform and through the substrate profile, resulting in a longer water resonance
time within the substrate. In the final irrigation pulse, the uniform wetting front enabled the
water to move more quickly through the upper profile with less retardation. In the lower half, the
coarse particles thereafter allowed for rapid preferential flow (Bilderback and Jones, 2001) due
to larger diameter and more homogenous pores (Fields et al., 2021).
In Ic, the stratified treatments had a longer resonance time than the non-stratified
treatments did in every condition (Table 4.3.). This is due to fine bark having a greater ability to
hold more water and allow for a more uniform wetting front than conventional bark, especially
with each subsequent irrigation.
Both non-stratified and stratified fallowed systems had similar weights after free drainage
occurred in the Ic initiating at Ɵf conditions, when compared non-stratified and stratified
fallowed systems within single application (Fig. 4.4.A-B). The fractionated and more frequent
irrigation pulses enabled both substrates to hold more water with each subsequent irrigation
pulse. Both rooted treatments in their respective substrates had lower weight values than the
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fallowed treatments, yet, hydrated more closely to their effective container capacity after the
final irrigation pulse of Ic. Moreover, in both Is and Ic, non-stratified rooted profiles had almost
identical effective container capacities (Fig. 4.4.A-B). Additionally, the difference in actual
container capacity to effective container capacity in the stratified rooted system was slightly
more the non-stratified rooted profile (111 g; Fig. 4.4.B). The stratified rooted profile within Ic
had potential to hold much more water than stratified rooted under Is, possibly due to more
frequent and smaller irrigations (Fig. 4.4.A-B).
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Figure 4.5. Monitoring water movement via dual-lysimetry at dry moisture contents (targeted
volumetric water content of 10%).
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In both non-stratified and stratified fallowed profiles within Ic at Ɵd initial conditions, the
initial weight prior to irrigation were similar (Fig. 4.5b). The non-stratified system released more
water after the first irrigation pulse than the stratified profile did; however, after the second
irrigation, the stratified system began to release more than the non-stratified system, likely due to
maximized drainage in the lower 50% of the container profile (Fig. 4.5b). The non-stratified
substrate held more water than the stratified substrate treatment did after each irrigation when
initiated at dry conditions (Fig. 4.5b).
4.4. Conclusion
Substrate stratification may lead the nursery industry to more efficient utilization of
natural resources such as water. Previously, there has been research monitoring water movement
through bark-based profiles; however, minimal research has observed water retention and release
in stratified substrate systems via mass balance and load cells. Herein this study, water
movement through non-stratified compared to stratified profiles by monitoring mass balances via
dual-lysimetery. The results indicate that fallowed systems can hold more water than rooted
systems can, likely due to root growth occupying substrate pores. Stratified substrates with
rooted profiles held less water than rooted non-stratified systems did, regardless of irrigation
type, which is likely indicative of the maximized drainage in the lower 50% of the substrate
profile. Furthermore, stratified substrates hydrated better than non-stratified systems did under
dryer conditions during a single irrigation application. Whereas under the same drying conditions
while implementing cyclic irrigation schedules, non-stratified systems held more water with each
subsequent irrigation. This is imperative knowledge for substrate scientist and growers to
understand as it exemplifies that even under dry conditions, stratified substrate can hydrate more
than non-stratified systems can.
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SUMMARY
The research herein was an endeavor to improve natural resource use and augment
substrate and irrigation efficiencies within the nursery industry. Ultimately, the goal of this thesis
was to limit the quantity of water necessary to produce a salable crop when grown in soilless
substrates in a container system, while simultaneously developing methods to reduce mineral
nutrient inputs. As freshwater continues to remain a limited finite resource, in addition to the
increase in agricultural production in recent decades (especially in horticulture), this necessitates
critical advancements and improvements on traditional nursery management strategies. Although
there are a multitude of directions that can be taken to enhance nursery resource productivity and
sustainability (i.e., ensure the continual success of horticultural industries), this thesis focuses on
two primary approaches, substrate, and irrigation management.
Soilless substrates are a fundamental component to the production of containerized crops
worldwide. These substrates were originally designed to be highly porous, allowing for ample
drainage and limit waterlogged conditions. Consequently, these highly porous statuses often
results in suboptimal water retention properties which can not only lead to a reduction in crop
productivity, but requires growers to frequently reirrigate crops; ultimately, slowing production
and superfluously utilizing finite natural resources. Due to gravitational forces, evaporative
demand, and plant transpiration, water is quickly driven downward or lost in the upper
proportion of the substrate profile. Whereas in the lower half, a perched water table often forms,
and water may go unutilized. Thus, resulting in leaving undesirable water gradients and an
inefficient use of natural resources. To mitigate this, growers will commonly amend their
substrate (typically bark-based) with composite soilless substrates (i.e., peat moss or coconut
coir) to improve water retention capacities. However, more astute methods are necessary to
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properly combat this issue. Innovatively, the authors sought to engineer more desirable substrate
hydraulics within soilless substrate systems for added benefits. The authors hypothesized that the
manipulation of the system hydraulics by means of substrate stratification can 1) invert this
undesirable water gradient 2) reduce water and fertilizer inputs 3) receive further benefits when
strategic irrigation scheduling is used in concert with stratifying substrates.
Substrate stratification is the vertical stacking or layering soilless substrates with unique
hydraulic properties atop of one other within the container profile. Substrates utilized herein this
thesis were engineered by fractionating conventional pine bark particles by processing the bark
through a 6.3 mm aperture screen or incorporating conventional pine bark with popular substrate
amendments (peat moss and coconut coir). Particles that are not processed through the screen
and contain diameters typically larger than 6.3 mm are referred to as coarse bark. Furthermore,
particles that are processed through the 6.3 mm apertures and contain diameters <6.3 mm are
referred to as fine bark. Placement of coarse bark particles in the lower 50% of the substrate
profile allows for increased drainage (relative to conventional substrate systems), aeration, and
possibly promotes root growth due to the increased proportions of substrate macropores.
Conversely, the arrangement of fine bark particles or conventional bark amended with peat moss
or coconut coir above coarse bark increases water retention in the upper 50% of the substrate
profile. The placement of a substrate with increased water holding capabilities in the upper half
was critical to develop due to water being loss quickly in these regions, resulting in difficulties
for plant productivity and substrate rehydration. Moreover, the added water retention may also
increase the substrate retention of mineral nutrients.
A three-tier approach was strategically developed in this thesis to effectively understand
the influence stratified substrates have on crop growth, as well its water dynamics. The first
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research project within this thesis began on a macro scale and studied various complimentary
paired upper stratas with coarse bark placed in the lower half. Additionally, plant growth was
evaluated when grown under different irrigation scheduling. The four substrates used in this
study consisted of 1) a control in which the container was filled uniformly with conventional
pine bark 2) fine bark particles (<6.3 mm) layered over coarse bark (>6.3 mm) 3) pine bark
amended with peat moss at a 3:1 blend by vol. layered over coarse bark and 4) pine bark
amended with coconut coir at a 3:1 blend by vol. also layered over coarse bark. Additionally,
there were four irrigation schedules that included 1) single application (1x/d) that irrigated the
crops a standard quantity of water 2) cyclic application (3x/d) that fractioned the standard
quantity of water by three 3) single application deficit (1x/d) at 0.75 the volume of the single
application and lastly 4) cyclic application (3x/d) at 0.75 than that of cyclic application. The
results showed that plant growth, quality, yield was enhanced when plants were grown in
stratified substrates under single application, cyclic application, and cyclic application deficit.
Especially in cyclic deficit, where the crops received minimal water, stratified substrates
continued to grow as normal whereas when plants were grown in conventional substrate systems,
survival rate and quality decreased. Moreover, the authors observed added benefits such as final
growth index and root growth index within the substrate treatments when a bark:coir blend was
utilized. This is vital information as it may enable growers to severely reduce their water inputs
while continuing to produce a salable crop. Ultimately, the results indicate that proper utilization
of the stratified system, water sensitive crops such as the Loropetalum, growth can be sustained
under drought conditions during the fragile establishment period, when compared to using
traditional bark-based substrates.
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Thereafter, in the second portion of this thesis, the authors explored stratifying substrates
further by investigating the water dynamics between irrigation events. Expanding beyond,
monitoring the substrates water potential and moisture status may allow substrate scientists and
growers to develop an even clearer understanding how water interacts and its movement is
influenced by the stratified system. This was accomplished non-invasively by the installation of
tensiometers and soil moisture sensors within the container. One tensiometer was installed in the
upper and lower half of non-stratified (conventional pine bark filled uniformly within the
container) and stratified (fine bark particles layered above coarse bark particles), while soil
moisture sensors were placed at exactly half the vertical substrate profile height. Plants were
transplanted in both substrate systems and placed under a single application or cyclic application
irrigation schedule. The combination of the two sensors provided a continual and diverse data of
water availability and quantity within each half and the entirety, respectively, of the substrate
system.
The results observed showed that in conventional bark-based systems, the upper half of
the container experienced very large tension fluctuations under a large, single irrigation
application, whereas in stratified substrate systems, tension oscillations were greatly reduced
when compared to non-stratified profiles. Within the upper half of the non-stratified profiles, the
substrate experienced lower tensions (below readily available water; -1 to -5 kPa) and even water
buffering capacity (-5 to -10 kPa). Whereas in the stratified system, the lowest tension
experienced was -5 kPa higher than that of non-stratified systems. Tension fluctuations were
reduced in both substrate systems when irrigated a cyclic application schedule; however, it was
to a much greater reduction in the fluctuation within the stratified system. Moreover, the
stratified system held less water when irrigated a large, single application, probably indicative of
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the increased drainage in the lower 50% of the profile, relative to non-stratified systems.
Furthermore, stratified systems held more water than non-stratified systems did when irrigated
more shallow and frequent irrigations. One concept hypothesized by the authors was that
stratifying substrates can perform better than non-stratified systems under cyclic irrigation
schedules, where more frequent and shallow water applications in concert with the increased
water retention in the upper half of the container allows for better replacement of lost water
storage throughout the day. Additional experiments herein utilized modelling platforms such as
HYDRUS 1-D to simulate water flux within non-stratified and stratified systems. There was a
more uniform hydraulic gradient throughout the container profile in stratified substrates in regard
to non-stratified profiles.
For the final project of this thesis, the authors delved deeper on a micro scale to monitor
water movement within non-stratified and stratified systems via dual lysimetry and mass
balances during an irrigation application. The substrates evaluated were either rooted (root
system present) or fallowed (root system absent) within non-stratified and stratified (fine bark
layered over coarse bark) systems. Additionally, each substrate assessed were initiated at a
different volumetric water content (VWC) and irrigated either a single, very large pulse of water
(1750 mL, 1x), a single standard pulse of water (360 mL, 1x), or three fractionated pulses of
water (120 mL, 3x). The quantity of water was determined by taking the difference in mass
between containerized plants at first wilting stage and fully turgid plants, where the substrate was
at container capacity.
The results of this final study showed rooted stratified substrate held less water than
non-stratified substrates regardless of the type of irrigation used. This is likely due to the
increased drainage that stratified systems are capable of when compared to non-stratified
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substrates. Moreover, stratified systems hydrated much more than non-stratified systems did
when irrigated at very dry conditions (<15% VWC). This enhanced hydration may be due to the
fine particles the stratified system allows for longer resonance time for water to move laterally
through the upper half of the profile, and as the wetting front is more uniform infiltrating
downward, thereafter, quickly draining from the coarse particles.
In all, substrate stratification has exemplified promising opportunities to improve nursery
natural resource use, while simultaneously enhancing crop growth. For the optimized advantages
of stratifying substrates to be utilized within the industry, future research is necessary evaluating
production efficiency (i.e., labor, time, and cost) to employ this innovative substrate management
strategy to production practices. Additional research should investigate 1) how substrate
stratification influences root growth in the upper and lower strata and 2) which complimentary
paired stratas or alternative substrate components have the most added benefits when used in
concert with strategic irrigation scheduling and 3) examine further into the system hydraulics
between each strata.
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Appendix A. Chapter 3 Inputted Program for CR-1000x data logger
(Campbell Scientific, Logan, Utah, USA).

'CR1000X Series

'Wiring:
'Teros12
'Brown wire (power) -> 12V
'Orange wire (data) -> C7
'Bare wire (ground) -> G

'Honeywell 26PC pressure transducers on Soil Measurement Systems Tensiometers
'The colors below use the following pin connections
'Pin 1 (Vs +) is Red
'Pin 2 (Output +) is Green
'Pin 3 (Ground) is Black
'Pin 4 (Output -) is White

' Datalogger to AM16/32B multiplexer:
' CR1000X
' ----' 12V

AM16/32B #1(4x16 mode)

-------12V

' G

GND

' C2

RES

' C1

CLK

' VX1

COM ODD H

' Gnd

COM ODD L
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' 1H

COM EVEN H

' 1L

COM EVEN L

' Sensors to AM16/32B #1:
' Transducer
' ----------

Red

Green

Black

White

---

-----

-----

' 1

1H

2H

1L

2L

' 2

3H

4H

3L

4L

' 3

5H

6H

5L

6L

' 4

7H

8H

7L

8L

' 5

9H

10H

9L

10L

' 6

11H

12H

11L

12L

' 7

13H

14H

13L

14L

' 8

15H

16H

15L

16L

' 9

17H

18H

17L

18L

' 10

19H

20H

19L

20L

' 11

21H

22H

21L

22L

' 12

23H

24H

23L

24L

' 13

25H

26H

25L

26L

' 14

27H

28H

27L

28L

' 15

29H

30H

29L

30L

' 16

31H

32H

31L

32L

' CR1000X
' ----' 12V

-----

AM16/32B #2(4x16 mode)

-------12V

' G

GND

' C4

RES

' C3

CLK
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' VX2

COM ODD H

' Gnd

COM ODD L

' 2H

COM EVEN H

' 2L

COM EVEN L

' Sensors to AM16/32B #2:
' Transducer

Red

Green

Black

White

' ----------

---

-----

-----

-----

' 17

1H

2H

1L

2L

' 18

3H

4H

3L

4L

' 19

5H

6H

5L

6L

' 20

7H

8H

7L

8L

' 21

9H

10H

9L

10L

' 22

11H

12H

11L

12L

' 23

13H

14H

13L

14L

' 24

15H

16H

15L

16L

'LeafSensor
'LeafSensor #1 signal wire to 3H
'LeafSensor #1 ground wire to 3L
'Short wire from 3L to Ground next to 3L
'LeafSensor #1 power wire to 5V
'LeafSensor #2 signal wire to 4H
'LeafSensor #2 ground wire to 4L
'Short wire from 3L to Ground next to 4L
'LeafSensor #2 power wire to 5V
'LeafSensor #3 signal wire to 5H
'LeafSensor #3 ground wire to 5L
'Short wire from 3L to Ground next to 5L
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'LeafSensor #3 power wire to 5V
'LeafSensor #4 signal wire to 6H
'LeafSensor #4 ground wire to 6L
'Short wire from 3L to Ground next to 6L
'LeafSensor #4 power wire to 5V

'Declare Variables and Units
Public Flag(1) As Boolean: Alias Flag(1) = ReadNow
Public BattV, PTemp_C
Dim LCount As Long 'Counter used for bookkeeping

'Teros12 variables
Const NumTeros12 = 12
Public Teros12Out(NumTeros12,3)
Public VWC(NumTeros12)

Alias Teros12Out(1,1) = CountsVWC_1: Alias Teros12Out(1,2) = Tsoil_C_1: Alias
Teros12Out(1,3) = EC_1
Alias Teros12Out(2,1) = CountsVWC_2: Alias Teros12Out(2,2) = Tsoil_C_2: Alias
Teros12Out(2,3) = EC_2
Alias Teros12Out(3,1) = CountsVWC_3: Alias Teros12Out(3,2) = Tsoil_C_3: Alias
Teros12Out(3,3) = EC_3
Alias Teros12Out(4,1) = CountsVWC_4: Alias Teros12Out(4,2) = Tsoil_C_4: Alias
Teros12Out(4,3) = EC_4
Alias Teros12Out(5,1) = CountsVWC_5: Alias Teros12Out(5,2) = Tsoil_C_5: Alias
Teros12Out(5,3) = EC_5
Alias Teros12Out(6,1) = CountsVWC_6: Alias Teros12Out(6,2) = Tsoil_C_6: Alias
Teros12Out(6,3) = EC_6
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Alias Teros12Out(7,1) = CountsVWC_7: Alias Teros12Out(7,2) = Tsoil_C_7: Alias
Teros12Out(7,3) = EC_7
Alias Teros12Out(8,1) = CountsVWC_8: Alias Teros12Out(8,2) = Tsoil_C_8: Alias
Teros12Out(8,3) = EC_8
Alias Teros12Out(9,1) = CountsVWC_9: Alias Teros12Out(9,2) = Tsoil_C_9: Alias
Teros12Out(9,3) = EC_9
Alias Teros12Out(10,1) = CountsVWC_10: Alias Teros12Out(10,2) = Tsoil_C_10: Alias
Teros12Out(10,3) = EC_10
Alias Teros12Out(11,1) = CountsVWC_11: Alias Teros12Out(11,2) = Tsoil_C_11: Alias
Teros12Out(11,3) = EC_11
Alias Teros12Out(12,1) = CountsVWC_12: Alias Teros12Out(12,2) = Tsoil_C_12: Alias
Teros12Out(12,3) = EC_12

'Tensiometer variables
Const NumTens = 24
Public Tens(NumTens)
Dim T_mult(NumTens), T_off(NumTens)
'Leaf Sensor variables
Const NumLeafSens = 4
Public LeafSens_mV(NumLeafSens)

Units BattV=Volts
Units PTemp_C=Deg C
Units Tens=kPa

'Define Data Tables
DataTable(Hourly,True,-1)
DataInterval(0,60,Min,10)
Sample (1,VWC(1),FP2)
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Sample (1,EC_1,FP2)
Sample (1,Tsoil_C_1,FP2)
Sample (1,VWC(2),FP2)
Sample (1,EC_2,FP2)
Sample (1,Tsoil_C_2,FP2)
Sample (1,VWC(3),FP2)
Sample (1,EC_3,FP2)
Sample (1,Tsoil_C_3,FP2)
Sample (1,VWC(4),FP2)
Sample (1,EC_4,FP2)
Sample (1,Tsoil_C_4,FP2)
Sample (1,VWC(5),FP2)
Sample (1,EC_5,FP2)
Sample (1,Tsoil_C_5,FP2)
Sample (1,VWC(6),FP2)
Sample (1,EC_6,FP2)
Sample (1,Tsoil_C_6,FP2)
Sample (1,VWC(7),FP2)
Sample (1,EC_7,FP2)
Sample (1,Tsoil_C_7,FP2)
Sample (1,VWC(8),FP2)
Sample (1,EC_8,FP2)
Sample (1,Tsoil_C_8,FP2)
Sample (1,VWC(9),FP2)
Sample (1,EC_9,FP2)
Sample (1,Tsoil_C_9,FP2)
Sample (1,VWC(10),FP2)
Sample (1,EC_10,FP2)
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Sample (1,Tsoil_C_10,FP2)
Sample (1,VWC(11),FP2)
Sample (1,EC_11,FP2)
Sample (1,Tsoil_C_11,FP2)
Sample (1,VWC(12),FP2)
Sample (1,EC_12,FP2)
Sample (1,Tsoil_C_12,FP2)
Sample(NumTens, Tens(), FP2)
Sample (NumLeafSens,LeafSens_mV(),FP2)
EndTable

DataTable (VWC_Counts,True,-1 )
DataInterval (0,1,Hr,3)
Sample (1,CountsVWC_1,FP2)
Sample (1,CountsVWC_2,FP2)
Sample (1,CountsVWC_3,FP2)
Sample (1,CountsVWC_4,FP2)
Sample (1,CountsVWC_5,FP2)
Sample (1,CountsVWC_6,FP2)
Sample (1,CountsVWC_7,FP2)
Sample (1,CountsVWC_8,FP2)
Sample (1,CountsVWC_9,FP2)
Sample (1,CountsVWC_10,FP2)
Sample (1,CountsVWC_11,FP2)
Sample (1,CountsVWC_12,FP2)
EndTable

'Main Program
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BeginProg
'Enter sensor specific multiplier and offset values here:
T_mult(1)= 12.911: T_off(1) = -10.453
T_mult(2)= 12.911: T_off(2) = -10.453
T_mult(3)= 12.911: T_off(3) = -10.453
T_mult(4)= 12.911: T_off(4) = -10.453
T_mult(5)= 12.911: T_off(5) = -10.453
T_mult(6)= 12.911: T_off(6) = -10.453
T_mult(7)= 12.911: T_off(7) = -10.453
T_mult(8)= 12.911: T_off(8) = -10.453
T_mult(9)= 12.911: T_off(9) = -10.453
T_mult(10)= 12.911: T_off(10) = -10.453
T_mult(11)= 12.911: T_off(11) = -10.453
T_mult(12)= 12.911: T_off(12) = -10.453
T_mult(13)= 12.911: T_off(13) = -10.453
T_mult(14)= 12.911: T_off(14) = -10.453
T_mult(15)= 12.911: T_off(15) = -10.453
T_mult(16)= 12.911: T_off(16) = -10.453
T_mult(17)= 12.911: T_off(17) = -10.453
T_mult(18)= 12.911: T_off(18) = -10.453
T_mult(19)= 12.911: T_off(19) = -10.453
T_mult(20)= 12.911: T_off(20) = -10.453
T_mult(21)= 12.911: T_off(21) = -10.453
T_mult(22)= 12.911: T_off(22) = -10.453
T_mult(23)= 12.911: T_off(23) = -10.453
T_mult(24)= 12.911: T_off(24) = -10.453
'Main Scan
Scan(30,Sec,1,0)
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'Default CR1000X Datalogger Battery Voltage measurement 'BattV'
Battery(BattV)
'Default CR1000X Datalogger Wiring Panel Temperature measurement 'PTemp_C'
PanelTemp(PTemp_C,60)
If IfTime (0,60,Min) Then ReadNow = True
If ReadNow = True Then
'Tensiometer readings
'Turn AM16/32 #1 Multiplexer On
PortSet(C2,1)
Delay(0,150,mSec)
LCount=1
SubScan(0,uSec,16)
'Switch to next AM16/32 Multiplexer channel
PulsePort(C1,10000)
BrFull(Tens(LCount),1,mV200,1,VX1,1,2500,True,True,500,60,T_mult(LCount),T_off(LCount)
)
LCount=LCount+1
NextSubScan
'Turn AM16/32 #1 Multiplexer Off
PortSet(C2,0)
Delay(0,150,mSec)

'Turn AM16/32 #2 Multiplexer On
PortSet(C4,1)
Delay(0,150,mSec)
LCount=17
SubScan(0,uSec,8)
'Switch to next AM16/32 Multiplexer channel
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PulsePort(C3,10000)
BrFull(Tens(LCount),1,mV200,2,Vx2,1,2500,True,True,500,60,T_mult(LCount),T_off(LCount)
)
LCount=LCount+1
NextSubScan
'Turn AM16/32 #2 Multiplexer Off
PortSet(C4,0)
Delay(0,150,mSec)

'Teros12 readings
'Query each sensor for 3 SDI-12 outputs. Default address for all Decagon Digital sensors is
0.
SDI12Recorder (Teros12Out(1,1),C7,1,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(2,1),C7,2,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(3,1),C7,3,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(4,1),C7,4,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(5,1),C7,5,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(6,1),C7,6,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(7,1),C7,7,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(8,1),C7,8,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(9,1),C7,9,"M!",1.0,0,-1)
SDI12Recorder (Teros12Out(10,1),C7,"J","M!",1.0,0,-1)
SDI12Recorder (Teros12Out(11,1),C7,"K","M!",1.0,0,-1)
SDI12Recorder (Teros12Out(12,1),C7,"L","M!",1.0,0,-1)

'Apply calibration to calibrated counts for volumetric water content(VWC) for mineral soil
(VWCmineral), soilless media (VWCsoilless), and dielectric permittivity (VWCdielectric)
For LCount = 1 To NumTeros12
VWC(LCount) = 3.879E-4*Teros12Out(LCount,1) - 0.6956 'mineral soil calibration
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Next LCount

'Leaf Sensor readings
VoltDiff(LeafSens_mV(),4,AutoRange,3,True,0,_60Hz,1,0)

ReadNow = False
EndIf 'End of Flag = true condition
'Call Data Tables and Store Data
CallTable Hourly
CallTable VWC_Counts
NextScan
EndProg
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Appendix B. Chapter 4 Inputted Program for CR-1000x Data Logger
(Campbell Scientific, Logan UT, US)

'CR1000X Series

'Wiring:
'Teros12
'Brown wire (power) -> 12V
'Orange wire (data) -> C7
'Bare wire (ground) -> G

'Honeywell 26PC pressure transducers on Soil Measurement Systems Tensiometers
'The colors below use the following pin connections
'Pin 1 (Vs +) is Red
'Pin 2 (Output +) is Green
'Pin 3 (Ground) is Black
'Pin 4 (Output -) is White

' Datalogger to AM16/32B multiplexer:
' CR1000X
' ----' 12V

AM16/32B #1(4x16 mode)

-------12V

' G

GND

' C2

RES

' C1

CLK

' VX1

COM ODD H

' Gnd

COM ODD L

' 1H

COM EVEN H
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' 1L

COM EVEN L

' Sensors to AM16/32B #1:
' Lysimeter
' ----------

Red

Green

Black

White Black

---

-----

-----

----- ----

' #1

1H

2L

1L

2H

GND

' #2

3H

4L

3L

4H

GND

' #3

5H

6L

5L

6H

GND

' --------------------------------------------------------'HANGING LYSIMETER Red

Green

' ----------

---

-----

-----

----- ----

' #1

7H

8L

7L

' #2

9H

10L

' #3

11H

9L

12L

11L

8H

Black

White Black

GND

10H
12H

GND
GND

'Declare Variables and Units
Public Flag(1) As Boolean: Alias Flag(1) = ReadNow
Public BattV, PTemp_C
Dim LCount As Long 'Counter used for bookkeeping

'Lysimeter variables
Const NumLysimeter = 3
Public Scale(NumLysimeter)
Dim Lysimeter_mult(NumLysimeter), Lysimeter_off(NumLysimeter)

Const NumHangLys = 3
Public Hanging(NumHangLys)
Dim HangLys_mult(NumHangLys), HangLys_off(NumHangLys)
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Units BattV=Volts
Units PTemp_C=Deg C
Units Hanging=g
Units Scale=g

'Define Data Tables
DataTable(Seconds,True,-1)
DataInterval(0,2,Sec,1)
Sample(NumLysimeter, Scale(), FP2)
Sample(NumHangLys, Hanging(), FP2)
EndTable

'Main Program
BeginProg
'Enter sensor specific multiplier and offset values here:
Lysimeter_mult(1)= -6648: Lysimeter_off(1) = -244.8
Lysimeter_mult(2)= 6779.8: Lysimeter_off(2) = -364.7
Lysimeter_mult(3)= -6844: Lysimeter_off(3) = -148.66
HangLys_mult(1)= -5043.8: HangLys_off(1) = -154.63
HangLys_mult(2)= -5054.3: HangLys_off(2) = -140
HangLys_mult(3)= -5004: HangLys_off(3) = -167.23

'Main Scan
Scan(2,Sec,0,0)
'Default CR1000X Datalogger Battery Voltage measurement 'BattV'
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Battery(BattV)
'Default CR1000X Datalogger Wiring Panel Temperature measurement 'PTemp_C'
PanelTemp(PTemp_C,60)
If IfTime (0,2,Sec) Then ReadNow = True
If ReadNow = True Then
'Tensiometer readings
'Turn AM16/32 #1 Multiplexer On
PortSet(C2,1)
Delay(0,150,mSec)
LCount=1
SubScan(0,uSec,3)
'Switch to next AM16/32 Multiplexer channel
PulsePort(C1,20000)
BrFull(Scale(LCount),1,mV200,1,VX1,1,2500,True,True,500,60,Lysimeter_mult(LCount),Lysi
meter_off(LCount))
LCount=LCount+1
'
BrFull(Hanging(LCount),1,mV200,1,VX1,1,2500,True,True,500,60,HangLys_mult(LCount),Ha
ngLys_off(LCount))
'

LCount=LCount+1
NextSubScan
LCount=1
SubScan(0,uSec,3)
'Switch to next AM16/32 Multiplexer channel
PulsePort(C1,10000)

'
BrFull(Scale(LCount),1,mV200,1,VX1,1,2500,True,True,500,60,Lysimeter_mult(LCount),Lysi
meter_off(LCount))
'

LCount=LCount+1
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BrFull(Hanging(LCount),1,mV200,1,VX1,1,2500,True,True,500,60,HangLys_mult(LCount),Ha
ngLys_off(LCount))
LCount=LCount+1
NextSubScan
'Turn AM16/32 #1 Multiplexer Off
PortSet(C2,0)
Delay(0,150,mSec)

ReadNow = False
EndIf 'End of Flag = true condition
'Call Data Tables and Store Data
CallTable Seconds
NextScan
EndProg
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